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ABSTRACT
FUNCTIONAL NANOCOMPOSITES FROM SELF-ASSEMBLY OF BLOCK
COPOLYMERS WITH NANOPARTICLES

SEPTEMBER 2014

XINYU WANG, B.S., ZHEJIANG UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor James J. Watkins

This dissertation studied the proper distribution and location control of
nanoparticles (NPs) within block copolymer (BCP) templates. A facile ligand exchange
reaction was introduced for the hydrophilic magnetic NPs (MNPs) that are readily
dispersed in polar solvents with outstanding stability. Small molecule ligands were selected
to associate strongly with particle surfaces, provide hydrophilic termini for polarity
matching with polar solvents, and offer the potential for hydrogen-bonding interactions to
facilitate NP incorporation into polymers. Areal ligand densities of NPs indicated a
significant increase in the ligand coverage after the exchange reaction.
Hydrophilic MNPs were shown to drive the self-assembly of BCPs via favorable
H-bonding interactions between the NP and hydrophilic polymer domains, leading to
enhanced segregation strength and long-range order of the nanocomposites. Extremely
vii

high loadings of NPs were selectively confined within the target domain with no
macrophase separation observed. Polymer domain width (L) and maximum incorporated
NP size (d) were correlated to reveal much higher d/L ratios for blends with favorable
interactions. In addition, FePt NPs were confined in the hydrophobic domain or at the
interface by using polystyrene as the ligand.
Progressively, magneto-dielectric metamaterials were fabricated in a bottom-up
fashion by using orthogonal interactions (H-bonding and π-π stacking) from block
copolymer/NP self-assembly, with MNPs and dielectric NPs (DNP). The spatial
distribution of DNPs in the BCP template were controlled by the use of additives and
surface modification of DNPs.
Finally, BCP/MNP nanocomposites were used to fabricate functional materials.
First, the vertical ordering of BCP/MNP thin films were improved, taking advantage of the
tendency of MNPs aligning to form lines in the direction of an external magnetic field.
Second, ordered mesoporous carbon/iron oxide composites were achieved by cooperative
self-assembly of PtBA-b-PAN block copolymers with iron oxide NPs followed by
carbonization. The resulting electrode material exhibit high specific surface areas and pore
volumes that contribute to an over 50% increase in the specific capacitance upon NP
loading. Third, mesoporous silica/MNP composites containing high concentrations of NPs
within the silica walls was presented via scCO2 infusion of TEOS, which can potentially
be used at the catalyst for carbon nanotube growth.
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CHAPTER 1
INTRODUCTION
1.1 Block Copolymer Overview
A block copolymer (BCP) is essentially a polymer composed of two or more
segments tethered together into a single chain by covalent bonding. The number of the
blocks, their chemical composition, and the architecture of the BCPs dictate the polymers’
physical properties and phase behavior. The simplest and most well-studied BCPs is the
diblock copolymer, which is a BCP with two distinct polymers tethered at a single point.
Under the right conditions, diblock copolymers can self-assembly into periodic structures
with distinct phases, consisting of each type of polymer chain.
The phase segregation in the BCPs is governed by the difference in the chemical
properties of polymer segments and the length of the polymer, which can be described by
the Flory-Huggins interaction parameter χ between the two chains and the number of
polymer repeating unit N. The interaction parameter describes the free energy penalty of
monomers A and B in contact with each other. Positive interaction parameters indicate net
repulsive energy between the two monomers, and vice versa. The greater the χ of the two
blocks, the easier the BCP will form phase-separated structure. The same rule also stands
for the chain length N. Therefore, the segregation strength of a given block copolymer
system is dictated by the product χN, which must be sufficiently large for spontaneous
phase separation to occur.
Figure 1.1 illustrates a generic diblock copolymer phase diagram calculated from
the self-consistent mean-field theory.(1-5) The volume fraction of block A (fA) is plotted
on the x-axis, while the product of segregation strength and degree of polymerization (χN)
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is plotted on the y-axis. The microphase segregated morphology of BCP is dictated by the
volume fraction of the blocks. As the segment A moves from zero volume fraction to
approximately 0.5, the BCP transforms from disordered to spherical, cylindrical,
bicontinuous, and lamellar morphologies. Alternative BCP morphologies can be observed
with other types of BCPs such as the A-B-C triblock copolymers.

Figure 1.1. Phase diagram of a diblock copolymer plotted as a function of the segregation
strength and volume fraction.(5)

1.2 Thin Film Processing of Block Copolymers
The extension of BCP into the nanotechnology and semiconductor industry has
been enabled by BCP’s capability to self-assemble into nanoscopic device level structures.
Since the structure resulting from any phase selective processing is either a negative or a
positive replica of the block copolymer template, in order to achieve the desired structure,
it is important to appropriately tune the structure of the template prior to any such treatment.
While block copolymers are excellent materials that form nanoscale domains
spontaneously, they do not tend to form such structures with uniformity in their long range
order. Significant efforts have been devoted to achieve perfect domain orientation for thin
2

films of block copolymer as required for various applications including data storage and
block copolymer lithography.
Thin film morphologies of BCP can be controlled by the post-processing the
polymer films, changing the interfacial energy between substrate and polymer,
manipulating the topography of the substrate, and applying external forces to the BCPs.
Polymer film thickness is considered to be the first significant aspect in term of
morphology control. A microphase-separated bulk polymer film shouldn’t be considered
as the simple stacking of thinner films. One should picture it as volumetric segments of
distinct directional ordered grains. As the film thickness reduces, it becomes possible to
predict and control the morphology of the thin films (<100nm).
Studies have shown that the microphase-separated morphology is significantly
correlated with the local film thickness by using theoretical(6-13) and experimental(6, 7,
14-28) tools. Generally speaking, polymer blocks have preferences towards surfaces of
distinctive energy level. Thermodynamically, they tend to stay closer either to the substrate
or the free surface (air, vapor, etc.). As a result of this, if one domain of a symmetric block
copolymer or the minor domain of a cylinder-forming block copolymer prefers the
substrate, this affinity often drives the lamellar or cylindrical morphologies to lie parallel
to the substrate surface.(6, 23, 29) Therefore, a symmetric AB polymer exhibits the socalled commensurability condition that when a) d = n × L0 for symmetric wetting (block A
wets substrate and free surface equally well) and b) d = (n+0.5) × L0 for asymmetric wetting
(block A prefers to wet either surface) is satisfied, the free surface will look smooth and
featureless. Here, d is the film thickness, L0 is the thickness of a single layer or d-spacing,
and n is a positive integer. If the thickness is incommensurable, the island and hole terrace
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will show at the free surface, for it is energetically favorable to generate more film surfaces
than altering the domain periodicity.(15, 16) Similar commensurability conditions were
also found in asymmetric block copolymer systems.(18, 26-28) For asymmetric ABA
copolymers, Knoll et al. (19) showed experimentally that for film thickness that satisfies
commensurability, the cylinders lied parallel to the substrate surface; whereas in the
intermediate thickness, perpendicular cylindrical morphology was found. The results were
also confirmed by computer simulation.(13)
If the film thickness is further reduced, the substrate and the free surface become
close enough that the free energy of the system will drive the block copolymer to exhibit
unique and often complex discrepancy from thicker films.(6, 30-33) Stein et al.(31, 32)
reported that a highly asymmetric, sphere-forming polymer in bulk shows close-packed
hexagonal morphology when the film thickness is down to less than 4 layers. In addition,
Niihara and co-workers(33) found that a cylinder-forming P(S-b-I) diblock could also
exhibits spherical microdomains at certain thickness regions.
Various processing techniques have been developed that help eliminate the
structural defects (e.g. grain boundaries, misaligned domains, etc.) observed in as-spun
polymer films to achieve larger and even single grains, and thus enhance the long range
order in block copolymer thin films. Varying the rate of solvent evaporation is a useful
knob in tuning the thin film morphologies. Kim and Libera(34) initially demonstrated that
the rate of solvent evaporation during the formation of a solvent-casted thin film is crucial
to its final morphology. Depending on the rate of solvent evaporation very different
morphologies were observed. For instance, with the evaporation rate of 5 nL/s and 0.2 nL/s,
fully vertical and in-plane cylinders were formed, respectively. In accordance with this
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work, Fukunaga et al.(35) reported that slow solvent extraction rate gives in-plane lamellar
morphology whereas faster evaporation gives perpendicular lamellae for a poly(styrene-b2vinylpyridine-b-tert-butyl methacrylate) triblock copolymer. Kimura et al.(36) also
showed a parallel lamellar morphology by pinning the solvent on a substrate and let the
solvent to evaporate. Taking advantage of this technique, researchers have successfully
built polymer thin films with long range perpendicular lamellar(37, 38) or cylindrical(3741) morphologies. Lin et al.(40) demonstrated that PS-PEO, with rapid rate of solvent
evaporation, gives perpendicular cylindrical morphology over a few d-spacing thicknesses.
Under slow evaporation rate, Gong et al. (37) reported a disorder-to-order transition as well
as several order-to-order transitions as the solvent evaporates and the local polymer
concentration increases.
Thermal annealing(42-46) and solvent annealing have been demonstrated to impart
mobility to one or all phases of the block copolymers and thus cause elimination of grain
boundaries. The solvent used for solvent annealing can also tune the interaction of the block
copolymer film with the substrate in addition to creating an ordering front during
evaporation and thus allow control over orientation of the domains in addition to
elimination of defects.(18, 19, 40, 41, 47-50) Besides, the swelled polymer blocks may
possess different inter-block interactions and volume fractions as well.(18, 19, 47-54)
Choosing the right solvent for solvent annealing is usually system-dependent, and
also depends on the type of morphology desired.(39, 47, 55, 56) Researchers often pick a
neutrally good solvent for both blocks to provide enhanced chain mobility(40, 41, 48),
however, solvents are always to some extent selective toward one block.(37, 50, 52, 53,
57-60) Xuan et al.(50) systematically compared the thin film morphologies of symmetric
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PS-PMMA annealed with solvents of different selectivity. They demonstrated that only
with a PMMA selective solvent could the free surface preference condition be satisfied so
that ordered cylindrical morphology was obtained for a symmetrical P(S-b-MMA) diblock.
The solvent selectivity towards PMMA here is required to prevent the lower surface tension
PS block to spread over either surface.(47, 50) While majority of the studies reported chose
the solvent that is selective towards the minor domains(usually PMMA), Park et al. (60)
reported a situation where PS-selective solvent was used to anneal the film, significantly
reducing the feature size and dimension distribution.
Despite the special occasions where non-saturated solvent vapor is needed, it is
most widely accepted that the saturation of vapor and elongated annealing time are usually
more effective towards polymer self-assembly simply because the chain mobility provided
by the solvent swelling. Kim et al. (41) reported the formation of very well-defined P(S-bPEO) diblock after initial solvent evaporation and subsequent 48 hours of benzene
annealing. The solvent assisted surface reconstruction process enabled the morphology to
develop and eliminate defects arisen from rapid evaporation of polymer solution. Peng et
al.(57) studied the time evolution of solvent annealing for P(S-b-MMA) with a PMMAselective solvent, showing changes in morphology from disordered to nanoscale depression
and finally striped morphology. Subsequent study by Xuan(50) et al. with the same system
also shows multiple morphological transitions for when d < 1/2L0 as the annealing time
increases.
Similar to annealing duration, solvent concentration/pressure serves as an
alternative way to control the amount of vapor used in an annealing process.(19, 48, 49,
51, 61) Knoll and co-workers (19) designed a solvent flow setup that could precisely
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control the solvent vapor pressure by mixing with nitrogen. Using this equipment, they
carefully studied the morphology of a cylinder-forming polystyrene-block-polybutadieneblock-polystyrene triblock copolymer and established a phase diagram. This kind of flow
setup provides better control over vapor pressure and film swollen thickness, quickly
replacing the more old-fashioned but easily accessible “bell jar” setup.(19, 48, 61)
The problem comes with elongated annealing time is that the polymer film begins
to dewet the substrate surface reported in many systems, especially at low polymer
concentration.(41, 47, 62, 63) Though it is inevitable, Kim et al.(63) take an alternative
route by utilizing microcontact printing lithography as a tool to control the wetting behavior
of PS-b-PEO such that the dewetting was strictly confined on the patterned areas, achieving
a hierarchical structure of polymer phase-separated thin film.
Block copolymer films have also been treated with a variety of directional fields to
enhance order and alignment. Such techniques include electric field perpendicular(64-68)
or parallel(69, 70) to the substrate, thermal gradients(42, 71, 72), flow fields in which the
block copolymer solutions flow as the solvent evaporates(36, 73), shearing of the block
copolymer film by placing a solid(74, 75) or a viscous liquid on top of it(76-82), and
treatment with polarized light(83-85).
1.3 Block Copolymer Mediated Arrangement of Nano Objects
As technology emerges, nano-sized objects have proven to show excellent
properties in fields such as optical, magnetic, electrical and biological applications due to
their exceptional characteristics diverted from their bulk state. Therefore, great amount of
efforts have been made in the studies of the fabrication and characterization of
nanocomposite materials, especially polymer-based nanocomposites, for the excellent
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capability of polymeric systems as the host materials for the inclusion of nano-elements.
Among them, BCPs have been regarded as the ideal candidate for the bottom-up fabrication
of such nanocomposites, given their ability to self-assemble into periodically ordered
structures of various morphologies in the size range comparable with those of the nano
elements.
Tremendous efforts have been made in the syntheses of zero-dimensional
(particles), one-dimensional (rods or tubes) and two-dimensional (sheets) nano-objects for
blending with block copolymers, nevertheless, most experimental success was only
obtained with spherical nanoparticle (NPs), which is also the current focus of the field.(86)
Methods including directed-assembly(87) and polymer-mediated assembly(88, 89) of NPs
have been widely reported in which molecular interaction, external fields (electric,
magnetic or flow), and graphoepitaxy were adapted as the tools to arrange the location of
nanoelements in the matrix. NPs were shown to be aligned in thin films of polymers on
patterned substrates(90, 91) or with the help of external fields(87). However, it is worth
noting that in these examples, the periodicity of the NPs do not come from the polymeric
materials being used.
Taking advantage of periodic structures of BCP from self-assembly, more efforts
were made in the fabrication of BCP-based nanocomposite materials with discrete
inclusion of NPs from in-situ or ex-situ synthesis. The formation of NPs within the block
copolymer templates has been reported from BCPs with metal-containing norbornene
derivatives(92-97), the one-step dispersion route in which metal precursors were dispersed
with the BCPs in solution followed by in-situ formation of NPs(98-102), and the immersion
method where polymeric thin films were soaked in metal precursor solutions for them to
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selectively diffuse into one specific domain(103-107). In general, these methods only have
limited control over the size and shape of the NPs and often result in poor crystalline
structures. Secondly, most reported examples involves the soaking of polymeric thin films
in metal salt solution over extended period of time, which is a non-ideal time-consuming
processing condition for scale-up manufacturing. Moreover, the formation of NPs from
precursors generally requires harsh conditions (excessive heating, oxygen plasma,
sputtering, etc.) that damages the polymer template which will not only eliminate the
possibility of BCP/NP synergistic effects but also causes potential structural destruction
for a three-dimensional architecture.
1.4 Assembly of Nanoparticles within Block Copolymer Scaffolds
In light of the limitation of in situ synthesis of NPs within BCPs, the broader
attention is brought to the nanocomposites from preformed NPs in thin films (2D) or in
bulk (3D). One of the early attempts presented by Bockstaller et al.(108) demonstrated the
preferential sequestration of PS-coated Au NPs in a lamellar-forming polystyrene-bpoly(ethylene propylene) (PS-b-PEP) for the fabrication of a Bragg-reflector-type material
which shows significant improvement in reflectivity. In this example, the gold nanocrystal
was coated with a polymeric ligand (i.e. polystyrene) that matched polarity of NP with PS
domain and created a slight repulsion with the other domain (PEP).
Following this work, subsequent efforts has enabled the sequestration of Au,(109124) SiO2,(110, 125) TiO2, CdS,(126) CdSe,(108, 114, 126-128) PbS,(111, 128)
PbSe,(111) Pd,(129, 130) Co,(116) Fe3O4,(131) and FePt(132, 133) nanocrystals in block
copolymer scaffolds by taking advantage of the Van der Waals interactions between the
polymer chains and the ligand molecules. For example, Au NP with PS or a mixture of
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PS/PVP were shown to be located either in the center of PS domain or residing at the
intermaterial dividing surface (IMDS) as shown in Figure 1.2.

Figure 1.2. Cross-sectional TEM images of gold/block copolymer composite films using
gold particles coated with (a) 100% PS-thiol and (c) a 1:1 mixture of thiols that produces
a particle coating that is 20% PVP. Graphs (b) and (d) show the corresponding histograms
of particle locations for samples (a) and (c), respectively.(117)

Numerous

theoretical

and

simulation

works(134-137)

discussing

the

nanocomposite systems with neutral interactions has been carried out using density
functional theory (DFT) and self-consistent field theory (SCFT) in which a size argument
was well-agreed that the d/L ratio dictates the location of included NPs in the polymer
matrix, where d is the diameter of the NP and L is the domain size of the corresponding
polymer domain in a BCP. Smaller NP (d/L<0.2) often resides in the interface between the
phase-separated domains whereas particles with a larger d/L (>0.3) stays in the middle of
the polymer domain of neutral interaction. Macrophase separation of the composites will
be observed as d becomes comparable with L. This argument stated that the conformation
entropy of polymer chains and translational entropy of NP working together to dictate the
10

spatial distribution of NPs within the polymer matrix. Experimental verifications were
carried out by either varying the size of NPs while using the same polymer or choosing
BCPs with incremental d-spacings and keep the NP size constant.(110, 117, 122, 129)
The inclusion of Fe3O4 MNP into PS-b-PMMA thin films were recently reported
by Composto’s group(131). Fe3O4/BCP nanocomposites have presented distinctive
packing behavior from NP aggregates to stable dispersion within PMMA domain and
onion-ring morphology, as the PMMA brush length on the NP surface ranges from 2.7 to
35.7 kg/mol. SEM and TEM images are shown in Figure 1.3. More recently, the work
regarding the thin film morphology of PEO-coated FePt NPs were also reported in which
FePt was found in the minor PEO domains in PS-b-PEO matrix. However, in both
examples, the location of MNPs within the polymer domains are not very well defined and
only thin film of blends were prepared.

Figure 1.3. (a) AFM height image and (b) cross-sectional TEM image of an as-cast PS-bPMMA/Fe3O4-2.7K (1 wt%) film. (c) Cross-sectional TEM image of PS-b-PMMA/Fe3O42.7K (1 wt%) after annealing at 185°C for 10 days. (d) AFM height image and (e) crosssectional TEM image of an as-cast PS-b-PMMA/Fe3O4-2.7K (10 wt%) film. (f) Crosssectional TEM image of PS-b-PMMA/Fe3O4-2.7K (10 wt%) after annealing at 185°C for
8 days. The size of both AFM images is 2 X 2µm2, and the height scale is Δz=0–8 nm.(131)
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Figure 1.4. (a) TEM image of a blend of PS(40)-b-P4VP(5.6)(PDP)2 and ~4 nm CdSe (2
vol%) nanoparticles. (b) TEM image of a blend of PS(40)-b-P4VP(5.6)(PDP)3 and ~5.4
nm PbS nanoparticles. (c) Schematic diagram showing that the PbS nanoparticles were
preferentially sequestered in the corners of the hexagons as shown in (b). (d–f) TEM
images and schematic drawings of the blend of PS(40)-b-P4VP(5.6)(PDP)2 and ~4 nm
CdSe (2 vol%) nanoparticles quenched from (d) 50°C, (e) 110°C, and (f) 150°C, during
the heating and cooling cycles.(128, 138)
Recently, Xu’s group has reported the use of supramolecular assembly based on
PS-b-P4VP and small molecule additives (PDP=3-n-pentadecylphenol and OPAP=4-(4’octylphenyl)azophenol) to direct the location of NPs (PbS, PbSe, CdSe, and Au) and
nanorods (CdS and CdSe) for the preparation of stimuli-responsive hierarchical structured
nanocomposites.(109, 111, 126, 128, 138) 4 nm CdSe NPs capped with TOPO were
preferentially sequestrated within lamellae consisted of the supramolecular assembly of
P4VP and PDP to form very well-defined single NP lines. Elevation of the temperature
from 50°C to 110°C reduces the strength of hydrogen-bonding interaction between the
small molecule additives and P4VP, leading to a reversible migration of CdSe NPs to the
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intermaterial dividing surface. At 160°C, the hydrogen-bonds were totally suppressed such
that NPs were found to be randomly distributed within the P4VP domain. Similarly, 5.4
nm PbS with the same capping agent was confined at the edges of the cylinders of the
hexagonally closed packed supramolecular matrix. (See TEM images and schematic
illustration in Figure 1.4) More interestingly, the incorporation of well-aligned of CdS and
CdSe nanorods into BCP templates were also achieved adapting the same strategy.
1.4 Dissertation Overview
This dissertation describes research pertaining to the design, fabrication, and
characterization of MNP based hybrid functional material with self-assembled BCP
scaffolds. It addresses two critical aspects of polymer/NP composite materials including:
(1) the proper dispersion of NPs into the polymer matrix and (2) the control of NP spatial
distribution with respect to polymer domains.
First and foremost, this Chapter introduces the basic ideas related to BCP phase
behavior, thin film processing, and NP distribution in the polymer matrices. Chapter 2
addresses the proper syntheses and surface modification of MNPs (e.g. FePt, Fe2O3, Fe3O4,
etc.) for stable NP dispersions in polar organic, protic, and non-polar aromatic solvents.
While existing literature provides a number of options for many solvent systems, there are
few available for use in the midrange of the solvent polarity spectrum. Different NP
stabilization techniques are compared, including place-exchange reactions, silane coupling
chemistry, and in situ ligand capping, with a focus on the small molecule functionalization
of MNPs. NPs with ligands that provide protection against inter-particle agglomeration,
stability in polar solvents, and potential hydrogen-bonding capabilities are chosen for
subsequent compounding with BCP templates.
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Chapter 3 focuses on the preparation and structural characterization of BCP/MNPs
nanocomposites comprised of amphiphilic BCPs and hydrophilic FePt NPs (FePt-OH) with
hydrogen-bonding capability. The correlation between the ligand structures and NP spatial
arrangement within the BCP matrix is made, as confirmed by TEM (real space) and SAXS
(reciprocal space) results. NP size and loading are the two variables to manipulate with in
order to define the location of NPs within the BCP scaffolds and create any potential
morphological transitions of the BCP matrix upon mixing. High effective volume fraction
of MNPs is shown to be sequestrated exclusively into the selective polymer domain due to
the dominant enthalpic contribution upon blending, and also because of the small molecule
ligands that was used (relatively low effective volume of ligands).
Progressively in Chapter 4, the preparation of a three-dimensional (3-D) BCPbased ternary system comprised of high permeability FePt NPs and high permittivity
dielectric ZrO2 or HfO2 nanoparticle (DNPs) is demonstrated. Orthogonal secondary
interactions are introduced such that the MNPs are confined into the hydrophilic polymer
domain via hydrogen-bonding interaction while the inclusion of dielectric NPs to the other
domain is achieved by π- π stacking interaction or polarity mismatch. In this way, MNPs
and DNPs are aligned in an alternating fashion within the polymer matrix. Alternative
choice of interactions is also briefly discussed. Due to the small length scale of the polymer
building blocks (10-100 nm), this material could be well used from radio frequency all the
way to the visible region.
Although the spatial distribution of DNPs are not necessarily considered crucial for
the device properties of the metamaterials, it is however fundamentally intriguing and
critical to control the location of second NP species in addition to the first in a ternary
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nanocomposite system. The relative position of DNPs in the polymer matrix is controlled
by changing the surface chemistry of DNPs (therefore molecular interactions between NP
and polymer) through the following ways: (1) the use of small molecule additives; (2)
covalent modification of DNPs by silane coupling agent; and (3) surface modification with
phosphonic acid derivatives.
In Chapter 5, an external magnetic field is applied to BCP/MNP thin films with
cylindrical morphology in order to achieve vertical orientation of NP-filled cylinders across
the sample. NP loading, polymer domain size, and field strength are varied for comparing
the effectiveness of the alignment process. Finally, two collaborative projects are shown in
Chapter 6 which functional hybrid supercapacitor electrode and mesoporous silica catalyst
were fabricated from BCP/MNP nanocomposites that shows promising device properties.
Overall, these projects show novelty in the preparation of MNPs as well as their
nanocomposite with polymers. The fabrication of functional materials such as
metamaterials in this bottom-up self-assembly approach could be advantageous for various
industrial applications.
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CHAPTER 2
MAGNETIC NANOPARTICLES: SYNTHESES AND FUNCTIONALIZATION
2.1 Introduction
2.1.1 Magnetic Nanoparticles
Magnetic nanoparticles (MNPs) refers to a class of nanoparticle that shows
magnetization behavior under the influence of an external magnetic field, usually
consisting of magnetic elements such as iron, nickel and cobalt and their chemical
compounds. Similar to the size-dependent properties which is widely found in the vast
majority of NPs, MNPs also exhibit a similar trend. Large MNPs with high anisotropy
could appear to be ferromagnetic whereas superparamagnetic behavior are often observed
as the sizes reduce to less than 10 nm. Figure 2.1 shows the typical MH diagrams
representing the magnetic behavior of these two NPs, achieved by the manipulation of field
strength in a circular manner. In the absence of a field, the direction of single NP
magnetization (M) is random, therefore giving an overall zero magnetization. As the
external field of sufficient strength is applied, the magnetic dipoles of particles are aligned
along with the field to a point where saturation magnetization (Ms) is reached. Subsequent
reduction of field strength causes randomization of the magnetization. For a ferromagnetic
material, a net measurable moment is observed as the remnant magnetic moment (Mr),
which is the fundamental basis for applications of hard MNPs such as magnetic memory
devices. On the other hand, superparamagnetic NPs exhibit a zero Mr with the retrieval of
the field, providing interesting possibilities for bio-based applications. As the NP
dimension reduces to a certain level, the thermal energy kT become comparable with the
activation energy term KV for magnetic dipoles to fluctuate, where k is the Boltzmann’s
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constant, T is temperature, K is the particle’s anisotropy constant and V is the volume of
particle. The size at which the superparamagnetic transition occurs depends greatly on the
magnetic anisotropy (K) of the nanoparticle, which in turn is governed by the crystalline
packing of the NPs. For instance, disordered face-centered cubic (fcc) FePt (as synthesized)
is often regarded as magnetically soft while the hard ordered face-centered tetragonal (fct
or L10) configuration could be obtained by thermally annealing fcc FePt under a H2
reduction environment with the help of NaCl salt for exceptional high coercivity.(1, 2)

Figure 2.1. Schematic illustration of the hysteresis loops of a group of magnetic
nanoparticles that are A) ferromagnetic and B) superparamagnetic. Ms: saturation magnetic
moment; Mr: remnant magnetic moment.(3)

Thanks to their unique magnetic responses, MNPs (both superparamagnetic and
ferromagnetic) have been widely utilized in a variety of applications including contrast
enhancement in magnetic resonance imaging (MRI),(4-7) magnetic field assisted transport
and separation of biological entities,(8-12) biomedicine,(13-15) magnetic-triggered drug
delivery,(8, 9, 16) hyperthermia for cancer therapy,(17) ultrahigh-density magnetic storage
media,(3, 18) exchange-coupled nanocomposite magnets,(19) and inorganic-organic
hybrid metamaterials.(20, 21) Each of these applications requires monodisperse MNPs that
are stably dispersed in solvents of different polarities, a necessity which is not usually
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satisfied by conventional synthetic routes using alkyl capping agents. Currently, population
of magnetic nanocrystals capped with lengthy aliphatic ligands from organic-phase
synthesis can be relatively monodisperse but they are only stable in non-polar solvents. In
contrast, MNPs that are prepared using conventional water-phase synthetic protocols often
yield nanocrystals with high distributions of particle size, crystalline anisotropy and
magnetism. The resulting polydisperse nanocrystals result in reduced performance in areas
such as magnetic imaging.
2.1.2 Stabilization of Magnetic Nanoparticles
Inspired by all these potential applications, great efforts have been made recently
towards the preparation of monodisperse MNPs that can be dispersed and are stable in
other solvents, especially aqueous solutions for biological applications. To date, a number
of research groups have exploited various tools to stabilize the MNPs in solutions, such
as using water-soluble small molecule or polymeric protective ligands to bond with the
NPs, creating an electrostatic double layer on the NP surface,(22, 23) and building a NP
core-shell structure to alter the inter-particle surface interactions or to provide alternative
anchoring groups for better bonding between the NPs and ligands.(24, 25) Polymeric
ligands(26-32) or bulky bio-based molecules(33, 34) are often employed (via in-situ
syntheses or ligand exchange reactions) for the syntheses of such MNPs due to their
greater number of anchoring groups or multiple types of ligand functionality(35) within a
single molecule. In addition, MNPs made with longer or bulkier ligands are generally
more resistant to large scale agglomeration. However, ligands containing more bonding
sites often result in bridging between NPs, which is even more significant as the ligand
chain length extends. Moreover, polymeric ligands usually require tedious and NP-
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specific synthetic efforts in order to obtain desired functionality and structural design.
Lastly, the large corona created by the lengthy ligands will effectively reduce the inorganic
fraction of the MNPs, leading to the abatement of the proposed physical properties
(magnetism in this case) stems from the inorganic core in the design of MNP-doped hybrid
materials.
On the other hand, the utility of small-molecule ligands has been widely studied.
Generally such methods involve the substitution of the native ligands with short
hydrophilic ligands based on the synthetic routes already well-developed for alkylfunctionalized iron oxides (Fe2O3 or Fe3O4),(36-38) cobalt ferrite (CoFe2O4),(39)
manganese ferrite (MnFe2O4),(39, 40) iron platinum (FePt),(18, 41, 42) and Ni/NiO.(4345) Although the use of thiols(46, 47) and silanes(48) have been reported, most studies
focus on hydrophilic ligands bearing carboxyl groups or amines such as nitrilotriacetic acid
(NTA),(49) dimercaptosuccinic acid (DMSA),(5-7, 50) 3,4-dihydroxyhydrocinnamic acid
(DHCA),(51) dopamine,(52-54) imidazole,(10) and their derivatives due to the high
affinity of these groups for the MNP surfaces. The obvious merits of these methods include
the relatively low size distribution inherited from the as-synthesized hydrophobic NPs,
little or no synthetic efforts for the ligands, and relatively high inorganic fraction in the
NPs. However, the trade-offs also cannot be neglected. First, the ligand stabilization is
frequently not as good as that found with polymeric ligands. Further, the issue of bridging
between particles is not completely solved since most of these short ligands still have
multiple anchoring groups, leading to the agglomeration of NPs in solution and the
formation of bigger clusters (some with fair stability). More recently, researchers from
Murray’s(55) and Helms’s(56) groups have reported a more generalized two-step ligand

26

exchange reactions involving the initial stripping of the native ligands with nitrosonium
tetrafluoroborate (NOBF4) or trialkyloxonium salts (Meerwein’s salt) and subsequent
addition of desired protecting ligands. As shown in Figure 2.2, these methods have proven
to be effective and could be applied to some magnetic NPs as well.

Figure 2.2. TEM images of Fe3O4 NCs (A) before and (B) after NOBF4 treatment. The
inset in (B) shows the photograph of the BF4-modified Fe3O4 NCs dispersed in DMF, with
the upper layer of hexane.(55)
While existing literature provides a number of options for many solvent systems,
there are few available for use in the midrange of the solvent polarity spectrum. This study
focuses on the functionalization of MNPs by the use of small molecule ligands, including
(1) coupling reactions with silanes, (2) ligand exchange reactions with hydrophilic ligands,
and (3) in situ capping with aromatic ligands. For the sake of high magnetic anisotropy,
only FePt and iron oxide NPs were investigated in this study. This study focuses on the
rational choice of small molecule ligands which will provide not only sufficient protection
against particle agglomeration but also the ability to be dispersed in solvents with a wide
range of polarities (polarity index=3.9-7.2). By doing so, a fast, thorough, and one-step
ligand exchange reaction will be demonstrated for the preparation of hydrophilic MNPs
that can be readily dispersed in polar organic solvents with superior stability. The
generality of this method will be verified by its application to various magnetic NP species
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regardless of their size and shapes. Finally, to complete the polarity spectrum, an in situ
synthesis of aromatically functionalized FePt NPs is developed that can be readily
dispersed in aromatic solvents with intermediate polarities (polarity index=1.0-3.5). The
synthetic strategies reported here will open a door for magnetic NPs to be utilized in a
wider range of applications in which NP dispersions in polar organic or aromatic solvents
are required.
2.2 Experimental
2.2.1 Materials
Small molecule ligands such as 4-hydroxybenzoic acid (99%), 3-(4hydroxyphenyl) propionic acid (98%), gallic acid (98%), citric acid (reagent ACS, 99.5%),
oleylamine (approximate C18-content 80-90%) and oleic acid (97%) were purchased from
Acros Organics. Dioctyl ether (99%), iron(0) pentacarbonyl (>99.99%, trace metals basis),
platinum (II) acetylacetonate (97%), iron (II) acetylacetonate (99.95%, trace metals basis),
trioctylphosphine (97%), biphenyl-4-carboxylic acid (95%) and 2-naphthoic acid (98%)
were purchased from Sigma Aldrich. 1,2-Hexadecanediol (>98%) was purchased from TCI
America and carboxyl-terminated polystyrene (1k Da) was purchased from Polymer
Source. Silanes and common solvents were purchased from Fisher Scientific. All reagents
were used as received without further purification.
2.2.2 Preparation of Hydrophobic FePt Nanoparticles
The synthesis of hydrophobic FePt NPs was based on the method previously
reported by Sun et al.(18) In a typical synthesis, platinum (II) acetylacetonate (197 mg, 0.5
mmol), 1,2-hexadecanediol (390 mg, 1.5 mmol), and dioctyl ether (20 mL) were first
loaded into a 3-necked round bottom flask and stirred using a magnetic stirring bar. The
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mixture was heated to 100°C under a gentle flow of N2 to remove oxygen and moisture.
Oleic acid (0.16 mL, 0.5 mmol) and oleylamine (0.17 mL, 0.5 mmol) were introduced to
the mixture and equilibrated for 10 minutes before iron (0) pentacarbonyl (0.13 mL, 1
mmol) was injected. For the synthesis of 2 nm FePt NPs, trioctylphosphine (0.22mL, 0.5
mmol) was introduced as a third protecting ligand. The mixture was then heated to reflux
at 297 °C for 30 minutes (ramp rate as a variable, 5~15°C/min). The reaction was stopped
by removing the heat source and allowed to cool naturally to room temperature. The
resulting NPs were collected by centrifugation using ethanol as the antisolvent. Particles
were typically washed with hexanes and ethanol 2-3 times to remove excessive ligands.
The as-synthesized hydrophobic NPs could be readily dispersed in solvents with low
polarity such as alkanes, 1-alkenes and chlorinated solvents.
2.2.3 Preparation of Hydrophobic Iron Oxide Nanoparticles
The synthesis of iron oxide (FeOx) NPs was based on the modification of Park’s
method for Ni and NiO NPs(44). Iron (II) acetylacetonate (0.26g), oleylamine (1mL) and
trioctylphosphine (5mL) were combined in a 3-necked round bottom flask followed by the
complete removal of residue oxygen with the freeze-pump-thaw technique. The reaction
was heated to 100°C under the protection of N2 and equilibrated for 10 minutes to ensure
the even distribution of reagents. The reactor was then brought to 200°C for 30 minutes.
The collection and purification procedures of these NPs are similar to that of hydrophobic
FePt NPs.
2.2.4 Silane Coupling Reaction of MNPs
10 mL of 0.5 wt% dispersion of hydrophobic MNP in hexanes was prepared in a
20 mL scintillation vial, to which varied amounts of silanes (0.1 to 0.25 mL) and catalyst

29

(acetic acid, 10 μL) were introduced. The mixture was stirred vigorously for 4 days and the
reacted NPs were collected by magnetic separation. This reaction was carried out in the
glove box or in ambient condition to study the effect of water on the reactivity of the
silanes. The resulting NPs were dispersed in ethanol or methanol to confirm their
dispersibility.
2.2.5 One-step Ligand Exchange Reaction for Hydrophilic MNPs
A typical reaction begins with the mixing of 50 mg hydrophobic NP powder and
500 mg hydrophilic ligand with 20 mL of solvent (ethanol, methanol, tetrahydrofuran or
N, N-dimethylformamide) in a scintillation vial. To promote the ligand exchange reaction,
10 min of sonication and subsequent stirring were performed to ensure a satisfying
conversion rate. The solution became dark yet transparent within a few minutes, indicating
the thorough dispersion of NPs in the polar solvents. The exchanged NPs were precipitated
with the addition of excessive hexanes as the antisolvent and collected by centrifugation at
5k rpm for 5 min. The resulting NPs were washed with ethanol/hexanes combination for 2
or 3 times to remove any excessive ligands. The resulting hydrophilic NPs showed
satisfactory dispersibility in solvents such as ethanol, methanol, 2-propanol,
tetrahydrofuran or N, N-dimethylformamide and remained quite stable during the period
of observation (over a year). The ligand exchange reaction could also be carried out by a
2-phase method in which hydrophobic NPs were extracted completely from the non-polar
hexanes phase to the polar DMF phase. This reaction was facilitated by gentle stirring for
about 1 hour.
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2.2.6 In Situ Synthesis of FePt Nanoparticles with Aromatic Ligands
The procedures for synthesis and purification are similar to the synthesis of
hydrophobic FePt NPs with the modification that aromatic ligands (bi-phenyl-4-carboxylic
acid, 2-naphthoic acid, or polystyrene, 1mmol) were added prior to heating and the reaction
mixture was kept at 100°C for longer time (20 minutes) until ligands were completely
dissolved. The resulting NPs could be best dispersed in toluene, chloroform, chlorobenzene
and tetrahydrofuran.
2.2.7 Characterization
Transmission electron microscopy (TEM) samples were prepared by drop-casting
diluted NP suspension onto 400 mesh carbon-supported copper grids to be examined with
a JEOL 2000FX II TEM operating at 200kV. Image analysis of the TEM images was
performed with Image J software for the average core size of NPs. At least 500 particles
were measured for each NP species to ensure that an accurate number was obtained.
Dynamic light scattering (DLS) was done with a Malvern Zetasizer Nano ZS to obtain the
average hydrodynamic diameter of NPs in their dispersants. Fourier transform infrared
spectroscopy (FTIR) spectra were taken with a PerkinElmer Spectrum 100 FT-IR
spectrometer. Samples were drop-casted from NP suspensions onto KBr pellets and
measured with transmission mode for better signal-to-noise ratio. Thermogravimetric
analysis (TGA) data was collected with a TA Instruments Q500 thermogravimetric
analyzer with a ramping rate of 15°C/min under a constant purging with air of 60 mL/min.
10-20 mg of NPs were used for each measurement. 1H nuclear magnetic resonance (NMR)
was performed on a Bruker DPX300 NMR using chloroform-d and dimethyl sulfoxide-d6
as the solvents.
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2.3 Results and Discussions
2.3.1 Silane Modification of Magnetic NPs
Silane coupling chemistry was attempted for MNPs to produce hydrophilic MNPs
through the formation of Si-O covalent bonds. This method is generally suitable for metal
oxides whose surfaces are rich with free hydroxyl groups. The mechanism for silane
coupling reaction is shown in Figure 2.3. The silane ligands goes through a 4-step reaction
including hydrolysis with catalyst such as water and protic acid, condensation reaction,
hydrogen-bonding with the NP surface, and finally the formation of covalent bonding with
water as the leaving group. Mercapto- and amino- functionalized silanes with 1 to 3
methoxy or ethoxy groups were chosen for this study in order to determine the relationship
between the rate of coupling and number of hydrolysable groups. A list of silanes used in
this study is summarized in Table 2.1.

Figure 2.3. Mechanism of silane coupling chemistry. Adapted from unitedchem.com.
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Table 2.1. Amino- or Mercapto- Silanes used for coupling with iron oxide NPs.
Functional
Name
Structure
Groups
1X –SH
(3-mercaptopropyl)trimethoxysilane
3X MeO
1X –NH2
3X EtO
1X –NH2
3X MeO
1X –NH2
1X MeO

(3-aminopropyl)triethoxysilane
(3-aminopropyl)trimethoxysilane
(3-aminopropyl)dimethylmethoxysilane

Figure 2.1. Photos of hexanes (top) and ethanol (bottom) dispersion of 3 nm iron oxide
NPs treated with silanes with amine functionality.
A number of controlled experiments were performed from which a series
conclusions could be drawn. Photos of NP dispersion are shown in Figure 2.4. First of all,
the moisture in the reaction system determines the reactivity of silanes, as water serves as
the catalyst for the reactions. It was found that the reactions performed inside the glove box
where humidity was controlled to less than 50 ppm shows little or no conversion, whereas
the ambient environment provide the right amount of water to trigger the reactions. The
addition of acetic acid as the catalyst was not effective for reactions performed at controlled
low humidity either. Secondly, mono-methoxy silane was not capable of providing
sufficient hydrophilicity to the NPs at any concentrations (0.05-0.25 mL). This may due to
the inadequate number of hydroxyl groups on the NP surface, as they are pre-capped with
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hydrophobic ligands. On the other hand, hydrophilic NPs were successfully prepared by
switching to trialkoxy silanes with primary amines. Among them, triethoxy silane is giving
a fair yield (>50%) and the modified NPs can be nicely dispersed in ethanol and methanol
(See Figure 2.5). Trimethoxy silane is showing comparable conversion rate as triethoxy
silane, however, the product was not very dispersible in ethanol, but much better in
methanol and water. In comparison, changing the amino group to the mercapto group failed
to result in proper hydrophilic NPs.

Figure 2.5. TEM micrograph of (3-aminopropyl)triethoxysilane functionalized 3 nm iron
oxide NPs, drop-casted from ethanol.
Further examination of this ligand functionalization method reveals some
drawbacks including: (1) the coupling reactions kinetics are relatively slow and inefficient;
(2) native hydrophobic ligands were not removed; (3) degree of functionalization depends
on the free hydroxyl groups on NPs so that only metal oxides can be modified; and (4)
trialkoxy silane will form a silica shell outside iron oxide NPs due to intermolecular
reactions, which increase the diameter of the NPs. As a result, the functionalized MNPs do
not have well-defined size and well-controlled surface properties such that more
advantageous particle functionalization method must be developed.
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2.3.2 Ligand Exchange of MNPs with Small Molecules
In order to study the effectiveness of ligand exchange reactions, a series of
commercially available small molecules were selected to replace the native hydrophobic
ligands. According to the affinity between the NPs and functional groups, thiols and amines
have strong interaction with Pt atoms whereas carboxylic acids and dihydroxy phenyl
groups bond strongly with Fe atoms and iron oxides. The complete list of ligands
investigated in this study are shown in Table 2.2 and Table 2.3.
Table 2.2. Ligand candidates with mercapto, amino, and dihydroxy phenyl groups for
place exchange reactions with MNPs.
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Table 2.3. Ligand candidates with carboxyl- groups place exchange reactions with MNPs.

These ligands were evaluated by three methods cooperatively: (1) the optical
appearance of NP dispersions; (2) DLS measurements; and (3) the TEM micrographs of
the NPs drop-casted from a dilute dispersion. A stable dispersion of MNPs less than 20 nm
should appear to be dark yet transparent, because most magnetic nanoparticles absorb
visible light extensively and appear to be dark maroon to black by naked eye. Cloudiness
in the dispersion will suggest NP aggregation to form clusters large enough to scatter
visible light. DLS and TEM micrographs will help determine the degree of segregation of
NPs in solution and the core size of NPs.
FePt NPs of 4 nm were selected to perform the screening experiments on the abovementioned ligands, and several interesting finding were revealed. First, -SH or -NH2 were
unable to replace the native oleic acid/oleylamine ligands. This is considered to be due to
the high affinity of carboxyl group with Fe atoms. Second, phenyl carboxyl group is very
effective in replacing the native ligands due to higher acidity. Third, extended alkyl chain
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(C>12) or phenyl groups are required to stabilize the NPs. Finally, there should be only
one anchoring group in order to prevent particle bridging.
From these findings the criteria for ideal ligands can be summarized. The ligands
should be short to reduce the amount of organic content of the NP, yet enough to provide
sufficient protection against particle agglomeration. Instead of choosing ligands with
extended alkyl chains, bulky phenyl rings were chosen, which provided sufficient steric
hindrance to prevent the inorganic cores from agglomerating. The ligands should have one
bonding site that strongly coordinate with the NP surface to provide particle stability so
that the original ligand would leave, however the number of anchoring group on each
ligand was also limited to prevent bridging between individual particles. Finally, ligands
will be equipped with hydrophilic functional termini, which provide MNPs with good
solubility in polar solvents and could serve as potential H-bonding donors.
Based on the criteria mentioned above, 4-hydroxybenzoic acid (HBA), 3-(4hydroxyphenyl) propionic acid (HPP) and gallic acid (GAL) were proven to be the ideal
candidates for promising ligand exchange reactions. They all have the similar structure that
one carboxyl group and some hydroxyl groups (n=1, 3) are positioned at the two ends of
the molecules, sharing a benzene ring in the middle. Such configuration satisfies the
proposed condition that the ligand length is very short yet bulky enough to form a ligand
monolayer on the NP surface that screens undesired interparticle interactions. Take 4hydroxybenzoic acid for example, the exchanged NP has carboxyl groups anchoring to the
NP surface, bulky phenyl groups forming a passivating monolayer and hydroxyl group
pointing out for favorable interaction with polar solvents. (See Figure 2.6)
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Figure 2.6. Proposed one-step ligand exchange reaction with 4-hydroxybenzoic acid.

Figure 2.7. TEM images FePt NPs with a) native ligands, b) 4-hydroxybenzoic acid
(HBA), (c) 3-(4-hydroxyphenyl)propionic acid (HPP), and (d) gallic acid (GAL).

Figure 2.7 shows the transmission electron microscopy (TEM) images of the 4 nm
FePt NPs before and after the ligand exchange. The alkyl-functionalized NPs (FePt-alkyl)
were dispersed in hexanes whereas the hydrophilic NPs (FePt-OH) were dispersed in DMF.
NP suspensions were drop-casted on carbon-supported copper grids and examined after the
solvents have completely evaporated. The FePt NP with native ligands were very well
dispersed in non-polar solvents such as hexanes as reported previously by a number of
researchers. It is clear that all the FePt-OH NPs were dispersed equally well compared with
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FePt-alkyl NPs (Figure 2.7b-d). No bridging or agglomeration was found in the TEM
images after the new ligands were attached nor was there any change in the size and shape
of the nanocrystals. The fact that the average core size and hydrodynamic diameters of
FePt NPs have remained relatively consistent before and after the ligand exchange also
confirms our conclusion from the TEM images (See Figure 2.8). Noticed that the
hydrodynamic diameters of the NPs obtained with the Malvern Zetasizer (Nano ZS) are
somewhat larger than the core size. One reason is that the light was also diffracted by the
solvents captured by the extended ligands in the solution so the hydrodynamic diameters
appeared to be larger than the actual values. The second reason is that the sizes of the
particles were close to the instrument’s limitation such that biased readings were obtained.
Regardless of that, all the exchanged FePt NPs shows only unimodal light scattering peaks,
ruling out the presence of any particle aggregation in the dispersion.
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Figure 2.8. Average hydrodynamic diameters of NPs obtained from Zetasizer (DLS) and
core diameters from image analysis of TEM images.

Fourier transform infrared spectroscopy (FTIR) was performed to map the ligand
structures on the NP surface as shown in Figure 2.9. The characteristic peaks representing
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the C-H stretching at 2800-3000 cm-1 from oleic acid and oleylamine of FePt-alkyl NPs
was significantly reduced after the exchange reaction, representing the removal of native
ligands. However since the C-H stretching peaks on the phenyl groups of the hydrophilic
ligands are found in the same range, it was difficult to quantify the actual amount of ligands
been replaced. The presence of phenyl groups were also confirmed by the group of 4 peaks
between 1450 cm-1 and 1600 cm-1 from the backbone stretching of benzene rings as well
as the single sharp peaks at 800-900 cm-1 from the non-planar wagging and twisting of CH bonds. For all the hydrophilic NPs, a strong but wide peak in 3100-3400cm-1 was
observed, which is characteristic of O-H stretching from the highly hydrogen-bonded
hydroxyl groups on phenyl rings. The single peaks at 1680-1710 cm-1 are very indicative
of the presence of C=O in-plane stretching vibrations, suggesting the anchoring of carboxyl
groups on NP surfaces. The strong peaks at near 1400 cm-1 is believed to be the
characteristic peaks of the FePt NPs since it was shown for all NP species. In summary,
the FTIR spectra of MNPs confirmed that the hydrophilic ligands have indeed replaced the
majority of the native ligands on the MNPs.

Figure 2.9. Fourier Transform Infrared Spectroscopy data of FePt NPs.
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When the core size of NPs is reduced to less than 2 nm, the magnetization of
superparamagnetic FePt NPs induced by strong magnetic field is relatively low so that it is
possible to examine the ligand bonding with regular proton nuclear magnetic resonance
(1H NMR). The proton NMR of FePt-HBA NPs confirmed the existence of 4hydroxybenozic acid on NPs as shown in Figure 2.10. A 0.2 ppm shift for the protons on
the carboxyl group was observed from 12.4 ppm to 12.2 ppm comparing the free HBA
ligand and the NP decorated with HBA. This shift means that the O-H bond length of the
carboxyl groups of HBA on NPs was different from its free and relaxed state. It is the direct
proof that the carboxyl groups were coordinating with the inorganic surface. In addition,
the peak at 5.4 ppm representing the protons on the double bond of the oleic acid and
oleylamine has completely disappeared after the ligand exchange, indicating a total
removal of the alkyl ligands. TGA of the NPs is also in good agreement of this finding,
suggesting distinctive ligand species before and after the exchange reaction (Figure 2.11).
It is also worth noting that the native alkyl-functionalized 2 nm FePt tends to precipitate
out in 24 hours due to their large surface areas, whereas the exchanged NPs remains stable
for at least a year.

Figure 2.10. 1H NMR spectra of the 2 nm FePt NPs and the corresponding ligand.

41

2.5
100
o

Derivative Weight(%/ C)

100
95

Weight(%)

90
85
80

2.0
95

1.5
1.0

90

0.5

85

0.0
0

200

400

600

80

o

Temperature( C)

75
70

75
70

FePt(2nm)-HBA
FePt(2nm)

65

65

60
0

100

200

300

400

500

60
600

o

Temperature( C)

Figure 2.11. TGA data of 2 nm FePt NPs. Inset shows the rate of weight loss as temperature
increases.

Thermogravimetric analysis (TGA) was performed to determine the ligand
coverage of the FePt NPs as shown in Figure 2.12. The samples were thoroughly purified
to remove all the excessive ligands by the centrifugation method. The ligand fraction of
FePt-OH NPs (18% for HBA, 20% for HPP and 24% for GAL) exceeded that of FePt-alkyl
NPs (14%). From the slope of the TGA curves, the rate of weight loss with respect to
temperature ramping was obtained, showing that the hydrophilic ligands were pyrolyzed
at a higher temperatures. The relatively unimodal peaks of the leaving groups for FePt-OH
NPs (as opposed to the bimodal peaks given by the native oleic acid and oleylamine)
suggest that there was little or no native ligand left and the ligand exchange reaction was
thorough.
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Figure 2.12. a) TGA of FePt NPs and b) the rate of weight loss as temperature increases.

Based on the average core size of NPs and TGA data shown above, calculation
were made to obtain the areal ligand coverage (Σ). Core diameters of the NPs were obtained
by image analysis of TEM micrographs from which core volumes were calculated. Two
assumptions were made for the calculation: (1) the density of NPs is identical with that of
their bulk state regardless of particle size and (2) assuming perfectly spherical
nanoparticles. The density of FePt and iron oxide used in the calculation are 15.15 g/cm3
and 5.24 g/cm3, respectively. The results are summarized in Figure 2.13. FePt-alkyl NPs
had an areal density of Σ=4.2 ligands/nm2, assuming a 50:50 mixture of oleic acid and
oleylamine. In comparison, the areal ligand density for FePt-OH NPs are Σ=11.3
ligands/nm2 with HBA, Σ=10.7 ligands/nm2 with HPP and Σ=14.16 ligands/nm2 with GAL,
respectively. This data suggests that the average number of ligands on a NP surface have
increased for 2-4 times after the ligand exchange reaction thanks to the short, rigid structure
of the hydrophilic ligands. The enrichment of ligands on NP surface provides superior
stability of these hydrophilic NPs in polar organic solvents. The stability of hydrophilic
FePt NPs were studied experimentally by comparing their average hydrodynamic
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diameters over time. From Figure 2.14, it is clear that NPs stayed separately within the
solvents over the one-year period of observation.

Figure 2.13. Areal ligand density (Σ) of NPs calculated from image analysis and
thermogravimetric (TGA) data.

Figure 2.14. Average hydrodynamic diameters of exchanged MNPs obtained with
Zetasizer for the hydrophilic NP dispersions in ethanol and the same dispersions after 1
year of sitting. Measurement were made without any sonication or filtration.
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This method for ligand exchange could also be applied to FePt NPs with different
sizes. TEM images of FePt-OH NPs from 2 nm to 12 nm are shown in Figure 2.15. All the
ligand exchange reactions were successful regardless of the size and shape of the particles.
Interestingly, the cubic-like 8 nm 12 nm NPs were both successfully exchanged (Figure
2.15c-d). However, it is worth noting that if the size of the particle is larger than 8 nm, the
solution stability of hydrophilic NPs with ligands that has only one hydroxyl group (such
as 4-hydroxybenzoic acid) appears to be not as ideal as for smaller NPs. The dispersion of
such NPs will begin to precipitate out on vial walls in 24 h and became totally settled after
a few weeks. The use of ligands with multiple hydroxyl groups such as gallic acid can
overcome the problem. As a result, no significant precipitation of 12 nm FePt NPs
decorated with gallic acid was observed during long-time observation. This result is very
compelling since the use of long-chain ligands or polymeric ligands was usually a necessity
to prevent large magnetic NPs from collapsing with each other. The utilization of just small
ligands dramatically increases the inorganic fraction of the NPs, providing better
opportunities for high-performance organic/inorganic hybrid materials in the sense that
larger effective volume fractions of “functional” inorganic materials could be incorporated
into the organic matrix.
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Figure 2.15. TEM images of exchanged hydrophilic FePt NPs showing average diameters
of a) 2 nm b) 4 nm c) 8 nm d) 12 nm.

These ligands were also used to functionalize iron oxide NPs and have achieved
similar results as the FePt NPs. The as-synthesized FeOx NPs was fairly monodisperse with
an average diameter of 5 nms (Figure 2.16a) and was protected with trioctylphosphine
(TOP), a weaker anchoring group than oleic acid and oleylamine. TEM images (Figure
2.16b-c) and DLS (Figure 2.16d) data showed that the exchanged NPs were well-dispersed
in organic solvents and their core size as well as hydrodynamic diameter remains
unchanged. Figure 2.16e shows that the ligand fractions have increased after the ligand
exchange and the hydrophilic ligands have completely replaced trioctylphosphine. The
areal ligand coverage (Σ) of hydrophilic iron oxide NPs (Figure 2.13) shows an even more
significant elevation in the number of ligands on the exchanged iron oxide NPs (Σ=8.9
ligands/nm2 for HBA and Σ=7.1 ligands/nm2 for GAL) compared with the native FeOxTOP (Σ=2.4 ligands/nm2). In addition, it is expected that this method could also be applied
to MNPs of other natures such as nickel oxide, cobalt, and manganese oxide NPs.
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Figure 2.16. TEM images of FeOx NPs with a) trioctylphosphine (TOP), b) 4hydroxybenzoic acid (HBA), and c) gallic acid (GAL) as ligands; d) average diameters of
NPs obtained from Zetasizer (DLS) and image analysis; and e) TGA of the NPs.

To summarize a few merits of this ligand exchange reaction. First of all, the
reactions were completed in just a few minutes, judging by the dark yet transparent
appearance of the NP dispersion. Secondly, this method is a facile one-step reaction and
high yield (>80%) of the hydrophilic NPs were obtained. Moreover, the resulting
hydrophilic NPs can be dispersed in a wide range of solvents with excellent stability for at
least 1 year and the concentration could be as high as 100 mg/mL (10wt%). Finally, this
method appears to be quite universal for the preparation of MNPs of different nature.
2.3.3 In Situ Synthesis of Aromatically Functionalized FePt NPs
In order to disperse NPs into solvents with low to intermediate polarity, FePt NPs
with aromatic ligands were synthesized in a convenient one-pot fashion. Aromatic rings in
the ligand could not only provide sufficient protection due to their bulky size but also
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potentially facilitate NP dispersion in similar solvents such as toluene via potential π-π
interaction. The ligands chosen here were biphenyl-4-carboxylic acid (BPCA), 2-naphthoic
acid (2NA), and polystyrene (PS, Mn=1k). The same method cannot be applied to
hydrophilic ligands since they are too polar to be evenly dispersed in the high boiling point
non-polar solvents used in this study. The results were shown in Figure 2.17. FePt-BPCA
and FePt-2NA were very monodisperse with average core size of a little over 2 nm whereas
FePt-PS was about 6 nm. Noticed that the spacing between neighboring particles of FePtPS was considerably larger than the other two due to the length of the extended polystyrene
chain. For the same reason, the hydrodynamic diameter of FePt-PS was also considerably
larger. It is worth noting that since the synthesis was a one-step reaction, the ligand
distribution was extremely narrow as shown by the TGA data (Figure 2.17e). The areal
ligand density (Σ) of FePt-BPCA (Σ=8.6 ligand/nm2), FePt-2NA (Σ=6.6 ligand/nm2), and
FePt-PS (Σ=5.0 ligand/nm2) are all higher than that of hydrophobic FePt NPs with native
alkyl chains. (See Figure 2.13) This is an indication of excellent ligand protection during
the in situ synthesis of such NPs. This method covers the solvents of polarity index from
low to intermediate (polarity index=1.0-3.5), and the resulting NPs could be used to
associate with conjugated structures through π-π stacking interactions to form functional
hybrid materials.
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Figure 2.17. TEM images of FePt NPs with a) biphenyl-4-carboxylic acid (BPCA), b) 2naphthoic acid (2NA), and c) monocarboxy terminated polystyrene (1k Da) as ligands; d)
average diameters of NPs obtained from Zetasizer (DLS) and image analysis; and e) TGA
of the NPs.

2.4 Conclusions
Within this chapter, it was demonstrated that the surface of MNPs can be
chemically modified to enable their dispersion in a wide range of solvents. Iron oxide NPs
were successfully functionalized by covalent coupling with amino-silanes. In addition, a
simple and thorough ligand exchange reaction of MNPs with small molecule ligands were
demonstrated, through which MNPs of various sizes and nature were made hydrophilic.
Small molecule hydrophilic ligands have effectively replaced the original alkyl ligands on
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the NP surface within just a few minutes. The resulting hydrophilic NPs could be dispersed
in a wide variety of polar organic solvents with superior stability over time. This method
could be applied to many magnetic NPs regardless of their size and shape. Moreover, onepot synthesis of FePt NPs with aromatic ligands was also achieved to enable NPs to be
dispersed in aromatic solvents. The synthetic routes reported here provide chances for
MNPs to be used in a broader field where NP dispersions in organic solvents were needed
and will be beneficial to researchers of interest.
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CHAPTER 3
BLOCK COPOLYMER/MAGNETIC NANOPARTICLE NANOCOMPOSITES
3.1 Introduction
3.1.1 Hydrogen-bonding Driven Assembly of Block Copolymers
As prefaced in Chapter 1, the order to disorder transition of a BCP depends strongly
on the segregation strength and the molecular weight of the BCP. As a result, the phaseseparation of low molecular weight BCPs usually can only be achieved by selecting the
copolymer blocks with a large interaction parameter.
The incorporation of additives can increase the segregation strength of low
molecular weight disordered block copolymers with small domain size and spacings by
increasing the effective segregation strength χeff. Watkins group has demonstrated a few
examples where homopolymers(1, 2), small molecules(3, 4), and ionic liquids(5) were
selectively included in one of the polymer domains through effectively hydrogen-bonding
interactions. For instance, poly(acrylic acid) (PAA), regardless of molecular weight, was
shown to promote the microphase separation of a series of weakly-segregated Pluronic
polymeric surfactants to achieve well-defined spherical, cylindrical and lamellar
morphologies (Figure 3.1). PAA induces the phase segregation by selectively associating
with one block of the copolymer while increasing the incompatibility with the second block
of the copolymer. This allows the BCP to form a highly-ordered morphology with a domain
size as small as 5 nm. On the other hand, small molecules such as polyhedral oligomeric
silsesquioxanes functionalized with maleamic acid or aminophenyl groups were shown to
dictate the order-to-order transition behavior of PEO-containing BCPs as presented in
Figure 3.2.
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Figure 3.1. Schematic representing the generation of ordered microphases with the
addition of a homopolymer to a phase-mixed triblock copolymer melt. The phase-mixed
copolymer is represented by the mixture of colors, blue and green, and the homopolymer
is represented by the color red. The phase separated structures in the blend are thus
represented by blue and yellow (≈red+green) after assessing the relative miscibility of
homopolymer with the copolymer segments using neutron scattering. k and l represent the
number of EO and PO blocks, respectively.(1)

Figure 3.2. Disorder-to-order transitions of poly(ethylene oxide) containing block
copolymers induced by blending of polyhedral oligomeric silsesquioxanes functionalized
with maleamic acid or aminophenyl groups.(3)
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3.1.2 NP-Driven Assembly of Block Copolymers
Introducing favorable interactions (ionic interaction, hydrogen-bonding, etc) can be
advantageous for the design of BCP/NP nanocomposites, which brings out the important
role of enthalpy as dictating the arrangement of NPs. In this case, the location of NPs is no
longer solely dictated by the entropic contributions, while the particle-polymer interaction
became the dominant factor.
Computer simulation by Lee et al.(6) and Buxton et al.(7) suggested that the
distribution of particles in the matrix could be tuned by the particle/polymer interaction
parameter χPX such that NP-induced phase transitions and new morphologies could be
observed. Wiesner’s group(8, 9) showed that Pt NPs capped with ionic liquid ligands (N,
N-di-2-propoxy-ethyl-N-3-mercaptopropyl-N-methylammonium

chloride)

was

preferentially sequestrated into the more hydrophilic domain of poly(isoprene-bdimethylaminoethyl methacrylate) (PI-b-PDMAEMA) through ionic interactions to
achieve exceptionally high loading of NPs in the composites. Li et al.(10) synthesized Au
NPs with a mixture of hydrophobic and hydrophilic ligands in which the latter contains
hydroxyl termini for hydrogen-bonding with the poly(2-vinylpyridine) (P2VP) domain.
Thin film morphology studies of the PS-b-P2VP/Au blends revealed that the 1:1 hydroxy:
alkane Au NPs tend to stay in the P2VP domain whereas the 3:1 NP prefers the interface
of PS and P2VP (See Figure 3.3).
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Figure 3.3. a) 2µm x 2µm 3D surface reconstruction of PS-b-P2VP/gold nanoparticles (1:1)
mixture after solvent annealing. b) TEM image of PS-b-P2VP/gold nanoparticles A (1:1)
mixture after solvent annealing. c) 2µm x 2µm 3D surface reconstruction of PS-bP2VP/gold nanoparticles (3:1) mixture after solvent annealing. d) TEM image of PS-bP2VP/gold nanoparticles (3:1) mixture after solvent annealing. (10)

Recently, Lin et al.(11) reported the NP-driven self-assembly of block copolymers
by the introduction of hydrogen-bonding interaction between the NPs and the BCP
templates. Au and Si NPs, decorated with small molecule protecting ligands, were shown
to preferentially associate with the hydrophilic PEO domain of amphiphilic BCPs such that
increased segregation strength of the nanocomposites were observed. (Figure 3.4).
Following that, Au NPs protected with block- or random-copolymers with hydrogenbonding capabilities as ligands were shown by Jang et al.(12, 13) to be able to manipulate
the location of NPs and achieve high volume fraction of NPs (ϕp=0.53) in the BCP.
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Figure 3.4. a) Schematic representation of NP-driven assembly of BCPs via H-Bonding.
b) SAXS profiles of F108 blended with Au-OH NPs at 0, 10, 20, and 30 wt% concentration.
(c) TEM image of a blend of F108 with 20 wt% Au-OH NPs (10kX magnification).(11)
This work will address the design and fabrication of nanocomposites of block
copolymer with the exchanged hydrophilic FePt NPs (FePt-OH) via hydrogen-bonding
interactions. Block copolymers with hydrogen-bonding capabilities such as polystyrenepoly(ethylene

oxide)

(PS-b-PEO),

poly(ethylene

poly(ethylene

oxide)

(PEO-PPO-PEO

or

oxide)-poly(propylene

Pluronics),

and

oxide)-

polystyrene-poly(2-

vinylpyridine) (PS-b-P2VP) are examined. The demonstration of hydrogen-bonding
interaction between FePt-OH NPs and hydrophilic domains is made. NP size and loading
are the two variables to manipulate with in order to define the location of NPs within the
BCP scaffolds and create any potential morphological transitions of the BCP matrix upon
mixing. High effective volume fraction of MNPs is expected to be sequestrated exclusively
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into the domain due to the dominant enthalpic contribution upon blending, and also because
of the small molecule ligands that was used (relatively low effective volume of ligands).
3.2 Experimental
3.2.1 Materials
4-Hydroxybenzoic acid (99%), gallic acid (98%), oleylamine (approximate C18content 80-90%), oleic acid (97%) were purchased from Acros Organics. Dioctyl ether
(99%), iron (0) pentacarbonyl (>99.99%, trace metals basis), and platinum (II)
acetylacetonate (97%) were purchased from Sigma Aldrich. 1, 2-Hexadecanediol (>98%)
was purchased from TCI America. Pluronic® F127 was kindly donated by BASF SE.
Polystyrene(48k)-b-poly(2-vinylpyridine)
vinylpyridine) (97k)

(8.4k),

polystyrene(102k)-b-poly(2-

and other BCPs were purchased from Polymer Source.

Polystyrene(13.7k)-b-poly(2-vinylpyridine)

(5.2k)

and

Polystyrene(112k)-b-poly(2-

vinylpyridine) (10k) were synthesized by reversible addition-fragmentation chain transfer
(RAFT) polymerization.
3.2.2 Preparation of Hydrophilic MNPs
The synthesis of hydrophobic FePt NPs was based on the method previously
reported by Sun et al.(14) 50 mg of hydrophobic FePt NPs were mixed with 500 mg of 4hydroxylbenzoic acid (HBA) or gallic acid (GAL) in a 20 mL scintillation vial filled with
20 mL ethanol as the solvent. The reaction was facilitated by sonication for 10 min
followed by magnetic stirring for 1 hour to ensure the complete conversion of NPs. The
hydrophilic NPs were precipitated by adding excessive hexanes as the anti-solvent and
collected by high speed centrifugation. The NPs were purified with standard centrifugation
procedures for the removal of residue ligands. The obtained NPs can then be readily
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dispersed in polar organic solvents with long stability. More details of the ligand exchange
reactions were described in Chapter 2.
3.2.3 Preparation of BCP/MNP Nanocomposites
Block copolymers and NPs were first dispersed separately in a common solvent
such as THF and DMF. The solutions were then mixed in a scintillation vial followed by
magnetic stirring overnight to ensure even mixing. The mixed solutions were drop-casted
onto clean glass slides and dried in a fume hood overnight followed by 12 hours of vacuum
drying at room temperature. The blends were thermally annealed in a vacuum oven (20°C
higher than the highest Tg of polymer chains) for 24 h. For PS(102k)-b-P2VP(97k), since
the polymer chain is too long for thermal annealing to be effective, solvent annealing was
applied instead. The glass slides were kept level in a 100 mL sealed jar with 1 mL of
dichloromethane (DCM) as the solvent, a very volatile and neutrally good solvent for PS
and P2VP blocks. The solvent vapor could usually penetrate and order a film of less than
50 microns in 48 h. The residue solvent was removed by slowly evaporating in air. The
resulting composite films were then scraped off from the glass by a razor blade.
3.2.4 Characterization
Small-angle X-ray scattering (SAXS) measurements were performed on a setup by
Molecular Metrology (Now Rigaku S-MAX3000). CuKα line of 0.1542 nm was produced
by a microfocus X-ray Cu tube with a spot size of 30×30µm2. The power was set to
45kV×0.67mA. Composite films were sandwiched by Kapton® films into metal washers
for support and thermal conductivity. In case of measurements at elevated temperatures, a
Linkam heating stage was used to hold the samples. Differential scanning calorimetry
(DSC) measurements were made with a TA Instrument Q200 instrument with refrigerated
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cooling system. Samples were encapsulated with standard aluminum pans and lids. Two
scans were made at a ramp rate of 10°C/min in which the first scan serves to remove the
thermal histories whereas the second scan was recorded as the data presented in this report.
The sample was kept at -30°C for 30 minutes between the two scans to ensure sufficient
time for PEO to crystallize. Transmission electron microscopy (TEM) samples were
prepared by drop-casting diluted NP suspension onto carbon-supported copper grids to be
examined with a JEOL 2000FX II operating at 200kV. Ultra-microtoming was performed
with a Leica CryoUltramicrotome instrument with a cutting speed of 0.4 mm/s for 50 nm
thin films. The BCP/MNP composite films were encapsulated with Electron Microscopy
Sciences (EMS) Epofix® cold-setting embedding resin for the proper mounting of the
samples. The microtomed sections were floated on top of a water bath and picked up by
carbon-supported copper grids. Cryogenic cutting were performed for samples comprised
of polymer chains with a glass transition temperature (Tg) lower than 25°C. The cutting
temperature was set to be 30°C lower than the Tg of the soft polymer block. Select sections
of PS-P2VP/NP blends were stained with iodine vapor for 12 hours prior to TEM
examination.
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3.4 Results and Discussions
3.4.1 Nanocomposite Morphology and NP Loading

Figure 3.5. SAXS results of the Pluronic F127/FePt-OH blends acquired at 80°C.

Pluronics® are a series of polymeric surfactants made in large quantity by BASF.
Pluronic F127, a PPO-PEO-PPO triblock copolymer with molecular weight about 12.6
kg/mol and 70 wt% of PEO, was first picked to blend with the hydrophilic FePt NPs (FePtOH). Figure 3.5 shows the SAXS data of the F127/FePt-OH blends. The SAXS acquisition
was made at 80°C to ensure that the PEO block was totally melted such that the PEO
crystallization would not affect the polymer morphology. The neat F127 was only weakly
segregated at this temperature due to the molecular similarity between ethylene oxide and
propylene oxide, therefore the SAXS curve only shows a wide first-order peak. As FePtOH was introduced into the polymer, the first order peaks of the blends became sharper
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and narrower, suggesting that the nanocomposites were better ordered than the neat F127.
Multiple scattering peaks were observed (peak position ratios relative to q* of 1 and 2) for
the blends with 20-40 wt% NP loading, suggesting that the NPs were arranged in a lamellar
symmetry as dictated by the phase-separated BCP template.
The volumetric loading of NPs within the nanocomposites were further estimated
by careful calculations. Weight fractions of inorganic FePt and small-molecular ligands
were obtained by TGA results. The volume fractions of polymer segments within the block
copolymer was calculated based on the density of PEO (1.2 g/cm3), PPO (1.1 g/cm3), PS
(1.05 g/cm3), and P2VP (1.114 g/cm3) to be 1.168 g/cm3 for F127 and 1.067 g/cm3 for
PS(13.7k)-b-P2VP(5.2k). From the density of FePt (15.15 g/cm3) and 4-hydroxybenzoic
acid (1.46g /cm3), together with the inorganic fraction from TGA (0.6486), the density of
the 2 nm FePt-OH NPs was determined to be approximately 3.53 g/cm3. The volume
fraction of NPs in the nanocomposites was further calculated by using these numbers and
the results are summarized in Table 3.1.
Table 3.1. Calculations of FePt-OH NPs Loadings in F127.
NP Loadings (%)
(core+ligand) wt% in composite
10
20
30
(core) wt% in composite
6.49
13.0
19.5
(core+ligand) vol% in composite
3.54
7.64
12.4
(core) vol% in composite
1.34
2.90
4.70
(core+ligand) wt% in PEO phase of F127
13.7
26.3
38.0
(core) wt% in PEO phase of F127
8.9
17.1
24.6
(core+ligand) vol% in PEO phase of F127
5.12
10.8
17.2
(core) vol% in PEO phase of F127
1.94
4.11
6.53

40
25.9
18.1
6.86
48.8
31.6
24.5
9.30

The domain spacing (d-spacing) of the blends can be calculated from the position
of the first-order peaks. As the NP loading increases, the first order peaks continuously
shifted towards the lower q region, implying that the d-spacing of the blends has increased
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from d=11.2 nm for the neat F127 to d=12.8 nm, 12.9 nm and 13.0 nm for 20 wt%, 30
wt%, and 40 wt% NP-doped blends. The sample with 10 wt% FePt-OH represented only a
weakly segregated morphology so that the d-spacing calculation for this blend is not
necessarily accurate. It is evident that the FePt-OH NPs were incorporated into the polymer
domain structures, leading to an extension in the domain widths. Interestingly, even at 40
wt% or 18.1 vol% loading of NPs, the ordering of the nanocomposite was not disrupted as
opposed to many composite systems previously reported in literature.
In order to investigate the proposed hydrogen-bonding interaction between F127
and FePt-OH NPs, differential scanning calorimetry (DSC) experiments were carried out
and the results are shown in Figure 3.6. It was observed that the melting point and the
melting enthalpy of the PEO block were depressed with the continuous addition of FePtOH NPs. To better look at this trend, the crystallinity and melting point of PEO were plotted
against the NP loading. Noted that the crystallinity of PEO was normalized by the weight
ratio of PEO in the blends and the melting enthalpy of a 100% crystalline PEO
(188.9kJ/mol). The crystallinity has dropped from 64% to 23% and the melting point was
decreased from 50.6°C to 19.4°C with 50 wt% loading of NPs in a linear fashion. At 50
wt% NP loading, the melting point of PEO chains were significant depressed that it was
no longer crystalline at room temperature. It is now safe to conclude that FePt-OH NPs
were strongly interacting (i.e. H-bonding) with PEO domain such that the crystallization
of PEO was greatly hindered. Considering the fact that FePt-OH NPs were selectively
included in the PEO domain, its fractions with respect to PEO were estimated to be as large
as 48.8 wt% and 24.5 vol%. This is considered to be a remarkable value for similar
nanocomposite systems.
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Figure 3.6. (a) DSC curves of the F127/FePt-OH blends and (b) plot of the crystallinity
and melting point of PEO block as a function of NP loading.
The versatility of FePt-OH NP’s ability to associate with other hydrogen-bonding
acceptors was proved by the adaption of polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP)
as the polymer matrix. A linear PS(13.7k)-b-P2VP(5.2k) was synthesized by RAFT living
polymerization in the laboratory. Figure 3.7 shows the SAXS curves and the TEM
micrographs of the ultra-microtomed sections of the nanocomposites. Similar to the blends
with F127, the segregation strength of the composites were enhanced by the introduction
of NPs as indicated by the reduction of the full-width-at-half-maximum (FWHM) of the
first-order scattering peaks. Continuous increments in the d-spacing of the blends upon the
66

addition of NPs were shown, which is the evidence that FePt-OH NPs have joined and
expanded the polymer matrix without causing macro-phase separation. Multiple higherorder scattering peaks were also reflected in the SAXS profile in 10 wt% NP loaded blend,
representing the establishment of excellent long-range lamellar structures throughout the
bulk film, as indicated by the peak position ratios (q= 1q*, 2q*, 3q*, 4q*). At 40 wt% NP
loading, a NP-driven order-to-order transition (OOT) was observed. The blend went from
a lamellar morphology to a reverse cylindrical morphology (q=1q*, 31/2q*, 2q*, 71/2q*,
3q*).

Figure 3.7. SAXS of PS(13.7k)-b-P2VP(5.2k)/FePt-OH blends (left) and TEM
micrographs of the ultra-microtomed sections of the blends (right).
One significant merit with the introduction of hydrogen-bonding interaction is that
very high loadings of NPs could be confined into one specific domain of the matrix without
causing inter-particle agglomeration. The enthalpy of mixing is strongly favorable such
that loss in conformation entropy of the polymer chains and translational entropy of NPs
could be well compensated. In this case, 40 wt% FePt-OH were loaded into the P2VP
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domain, which takes about 27.5% of the total weight of the block copolymer and 16.5% of
the total weight of the sample. This is equal to approximately 71.5 wt% of FePt-OH
dispersed with respect to the P2VP matrix. Based on the TGA data, the volume fraction of
FePt-OH NPs in the blends was calculated to be 16.8 vol% of the blend and 43.2 vol% with
respect to the P2VP domain (Table 3.2). The TEM images shows that at initial loading
FePt-OH preferred to stay in the middle of the darker P2VP domain, which was stained
with iodine vapor for 12 hours. As the loading increases, they will fill in the whole domain
yet still remain very well confined.
Table 3.2. Calculations of FePt-OH NPs Loadings in PS(13.7k)-b-P2VP(5.2k).
NP Loadings (%)
(core+ligand) wt% in composite
10
20
30
(core) wt% in composite
6.49
13.0
19.5
(core+ligand) vol% in composite
3.25
7.03
11.5
(core) vol% in composite
1.23
2.66
4.36
(core+ligand) wt% in P2VP phase of PS-P2VP
29.5
48.4
61.7
(core) wt% in P2VP phase of PS-P2VP
19.1
31.4
40.0
(core+ligand) vol% in P2VP phase of PS-P2VP
11.2
22.1
32.8
(core) vol% in P2VP phase of PS-P2VP
4.25
8.39
12.4

40
25.9
16.8
6.37
71.5
46.4
43.2
16.4

The generality of this MNP-driven assembly approach was further examined by
choosing other BCP systems including PS-b-PEO and PS-b-PAA. Figure 3.8a shows the
SAXS profile of a series of FePt-OH filled PS(9k)-b-PEO(10k) blends. The neat polymer
showed a narrow and well-defined first-order peak after proper thermal annealing,
suggesting that the polymer was well phase-separated but was not comprised of any
ordered morphology. With the addition of NPs, the evolution of second- and third-order
peaks was observed. At 30 wt% and 40 wt% NP loading, the blends gave a well-defined
lamellar morphology as suggested by the relative locations of the reflection peaks (q= 1q*,
2q*, 3q*). Figure 3.8b compares the SAXS data for the neat PS(15k)-b-PAA(4.3k) and
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BCP/20% FePt-OH blend. It clearly shows the appearance of a second-order peak by the
addition of NPs into the polymer matrix. Therefore, the NP-driven assembly of BCP by
hydrogen-bonding can be considered a very general approach.

Figure 3.8. SAXS curves of (a) PS(9k)-b-PEO(10k) and (b) PS(15k)-b-PAA(4.3k) with
FePt-OH NPs.

Using PS(44k)-b-P2VP(8.4k) as the polymer matrix, a cylindrical block
copolymer/NP morphology was achieved such that FePt-OH NPs were confined within the
minor P2VP domain. Figure 3.9 presents the SAXS data and TEM images of 10 wt% and
20 wt% NP loaded samples, indicating that cylindrical and lamellar morphologies were
achieved respectively. Like previous cases, most FePt-OH NPs were included in the dark
P2VP region due to effective hydrogen-bonding interaction. The minor P2VP domain was
fully filled by the loading of 20 wt% NPs. The appearance of high-q bump at q~1.6 nm-1
(d~3.925 nm) is believed to reflect the close-packed NPs within the P2VP domain rather
than the sign of macrophase separation, as the bump evolves with the addition of NPs. The
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more NPs in the minor P2VP domain, the stronger the inter-particle correlation is under
the X-ray.
TEM images also agreed very well with the SAXS curves in terms of morphology
evolution. In addition, two unexpected observations were found in this set of samples that
worth discussing. First, the width of the polystyrene domain was approximately 3-4 times
that of NP-doped P2VP domain as shown in the TEM micrograph. At this volume fraction,
a phase-separated linear block copolymer should normally present a cylindrical
morphology as suggested by numerous reports in the literature. Secondly, with only 20
wt% (~7 vol%) addition of NPs, the d-spacing of the blends have made a nearly 50%
increase with respect to the d-spacing of the neat polymer according to the SAXS results.

Figure 3.9. SAXS results of PS(44k)-b-P2VP(8.4k)/FePt-OH NP blends (left) and TEM
images of the ultra-microtomed sections of blends with 10 wt% and 20 wt% FePt-OH
(right). Samples were casted from THF and thermally annealed at 120°C.
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In order to explain these interesting phenomena, TEM images were taken on an
interesting region of the sample while tilting the sample holder to further investigate the
3D structure of the section as shown in Figure 3.10. The tilted images shows a grain
boundary of the PS(44k)-b-P2VP(8.4k)/20% FePt-OH blend which is likely to be a
Scherk’s first (double periodic) surface. This is believed to be the result of the polymer
system trying to minimize the surface area of the grain boundary. However, the
morphology shown in this sample looks like a series of curved or twisted cylinders and
was quite different from a symmetric linear block copolymer.(15, 16) This difference is
speculated to stem from the rigidity of the P2VP domain gained from hydrogen-bonding
with the “hard” FePt NPs. The structural characteristics of the BCP/NP blend here
resembled that of rod-coil or bottle-brush polymers in the sense that the polystyrene chain
was soft and coil-like whereas the P2VP/FePt-OH macromolecular assembly was hard,
bulky and rod-like. Therefore just like bottle-brush polymers, this composite material had
a very large lamellar window in the phase diagram. As the loading of NPs increased from
10 wt% to 20 wt%, the rigidity of P2VP block was further increased. That exceptionally
large increase of the d-spacing is believed to be the result of the system trying to lower the
total free energy and the rigidity of the polymer kinetically hindering the movement of
polymer chains.
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Figure 3.10. TEM images of the ultra-microtomed sections of PS(44k)-b-P2VP(8.4k)
loaded with 20 wt% FePt-OH NPs taken while sample holder was tilted by +20°, 0°and 20°. The tilt axis is shown above.

Figure 3.11. TEM micrographs of PS(112k)-P2VP(10k)/ 10% FePt-OH(5nm) NP blend.
(a) is unstained and (b) is stained with iodine vapor.
A sphere-forming PS(112k)-b-P2VP(10k) block copolymer was used to
accommodate 5 nm FePt-OH NPs. The samples were solvent annealed with
dichloromethane (DCM) for 24 h to facilitate the BCP phase separation. The TEM images
of 10 wt% NP loaded blend were shown in Figure 3.11. The NPs appeared to be
sufficiently separated within the polymer matrix. Small clusters of NPs were primarily
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found in the dark P2VP spheres with little exceptions. The NPs were fairly evenly
distributed across the whole sample, however, some spheres were found to be unoccupied.
This phenomenon was also found in many other sphere-forming block copolymer
nanocomposites. It is believed that since the P2VP spheres were totally separated from
each other in the solid state, the NPs were not able to travel through the PS matrix to enter
another P2VP sphere. Therefore, the final NP distribution was rather just determined by
the initial state of the as-casted film and the annealing process was believed to be less
helpful in re-distributing the NPs in a spherical morphology, as opposed to lamellar or
cylindrical morphologies.
The sample preparation procedures play an important role for determining the
morphologies of the blend systems. Figure 3.12a shows the TEM images of PS(44k)-bP2VP(8.4k) with 20 wt% of FePt-OH NPs drop-casted from DMF instead of THF. The
blend appeared to be in a disordered bicontinuous phase throughout the whole sample,
which could be of potential interest for applications such as water filtration
membranes(17). In the solution state, DMF served as a hydrogen-bonding acceptor that
could effectively screen the interaction between P2VP chains and the NPs. Only by the
time DMF was mostly removed under vacuum could the NP begin to associate with P2VP.
However, the mobility of polymer chains and NPs were considerably lower in the near
solid state, and thus the final morphology of the blend was a kinetically trapped state since
the subsequent thermal annealing was considered not as effective in completely re-shaping
the morphology in these “rigid” blend systems. When solvent annealing was applied to the
same blend casted from THF instead of thermal annealing, the blend gives a novel
disordered cylindrical morphology as shown in Figure 3.12b. The observation of similar
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morphology was recently reported recently by Hawker’s group,(12) arguing that the
jamming of NPs at interface was likely to be responsible for such metastable morphologies.

Figure 3.12. TEM images of the ultra-microtomed sections of PS(44k)-b-P2VP(8.4k)
blended with 20 wt% FePt-OH with processing conditions of (a) casted from DMF and
thermally annealed, and (b) casted from THF and solvent annealed.
3.4.2 NP Size and Polymer Domain Width Correlation
As one of the most important aspect of BCP/NP nanocomposites, the relationship
between NP diameters and polymer domain size were investigated for systems with
hydrogen-bonding interactions. FePt-OH NPs with average core size of 5 nm, 8 nm, and
12 nm were synthesized and used in this study. Here, NP size (d) is considered to be the
core diameters (from TEM) and polymer domain size (L) is calculated with polymer
volumetric fractions and domain spacing of the neat polymer obtained from SAXS and
confirmed with TEM images.
The blends of PS(13.7k)-b-P2VP(5.2k) with 10 wt% 5 nm FePt-OH NPs formed a
cylindrical morphology in which the NPs were found in the middle of the P2VP domain
(Figure 3.13a). Interestingly, a reverse cylindrical morphology was shown when the NP
loading was doubled. In this case, P2VP/NP phase became the matrix and PS was the minor
cylindrical domain. Since the P2VP domain was about 10 nm wide and the NP size was 5
nm, the d/L ratio for this blend was 0.5.
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Since the magnetism of a NP is usually strongly correlated with its size with a given
crystalline phase, the importance of aligning larger MNPs into 3D periodic architectures
rendering vital for real-world applications. In order to incorporate larger NPs into the
polymer matrix and investigate the position of NPs within the polymer domain more
clearly, PS(102)-b-P2VP(97) was chosen as the new host for NPs (Figure 3.13c-d). The
neat polymer showed a symmetric lamellar morphology. The addition of 20 wt% of 8 nm
FePt-OH to the polymer showed a disordered cylindrical morphology in which polystyrene
is the minor domain. 20 wt% of 12 nm FePt-OH were nicely incorporated into the polymer
and the well-defined lamellar morphology was maintained. The domain size of P2VP in
this example was approximately 30 nm, so the d/L ratio for 8 and 12 nm NP blends were
0.27 and 0.4.

Figure 3.13. TEM images of the ultra-microtomed sections of PS(13.7k)-b-P2VP(5.2k)
loaded with a) 10 wt% and b) 20 wt% 5 nm FePt-OH NPs; PS(102k)-b-P2VP(97k) loaded
with 20 wt% c) 8 nm and d) 12 nm FePt-OH NPs.
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A series of cylinder-forming amphiphilic block copolymers with PEO or P2VP as
the minor block were examined to systematically study the maximum d/L ratio in a
BCP/MNP nanocomposite in which MNP was hydrogen-bonding with the hydrophilic
polymer domain. FePt and Fe2O3 NPs of 2-6 nm were used and the loading of NPs were
kept at 10-20 wt%. PEO-containing BCPs include PDMS(5k)-PEO(2.1k), PBd(21k)PEO(4k), PS(37k)-PEO(6.5k), and P(PEG)MEMA(9k)-PEMA(20k). P2VP-containing
BCPs include PS(13.7k)-P2VP(3.4k), PS(26k)-P2VP(4.8k), PS(13.7k)-P2VP(5.2k), and
PS(44k)-P2VP(8.4k). The maximum size of NPs that can be accommodated by the polymer
domain was determined by the results of SAXS. Two criteria were followed: (1) the
segregation strength of the sample must not be deteriorated with the introduction of NPs;
and (2) NPs must not be aggregated, which will be reflected in the high q region in SAXS
profiles. The results are summarized in Figure 3.14. All systems showed much higher d/L
ratio (0.6-1.6) compared with the literature examples where no strong interaction were
introduced (0.1-0.4). Secondly, P2VP appeared to be a better host domain than PEO,
possibly due to its ability to coordinate with NPs.

1.6

1.4

D/L

1.2

1.0

0.8

0.6

PEO
P2VP
Figure 3.14. Maximum d/L ratio of PEO or P2VP containing BCP/MNP blends.
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3.4.3 Controlling MNPs in the Polystyrene Domain
FePt NPs with polystyrene (PS) as the ligand were prepared according to
procedures described in Chapter 2. Here, Figure 3.15a shows a representative TEM
micrograph of FePt-PS NPs with PS chain of 1 kg/mol and an average size of 6 nm. 10
wt% of FePt-PS (Mn=1k, 1.5k, 3k) were introduced into PS(102k)-b-P2VP(97k) as shown
in Figure 3.15b-d. FePt-PS(1k) showed the tendency of staying at the intermaterial
dividing surface (IMDS) with a few in the PS domain. As the chain lengths of PS increases
to 1.5k and 3k, more NPs entered the PS domain with less at the IMDS. Since d/L in these
blends are approximately 0.2, the NPs were expected to prefer the IMDS according to the
well-agreed literatures.

Figure 3.15. TEM image of (a) FePt-PS(1k) and blends of PS(102k)-b-P2VP(97k) with
(b) FePt-PS(1k), (c) FePt-PS(1.5k), and (d) FePt-PS(3k).
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3.5 Conclusions
In this chapter, the segregation strengths and long-range order of amphiphilic BCPs
were shown to be improved with the addition of hydrophilic FePt NPs via favorable Hbonding interactions between the NP and hydrophilic polymer domains. Very high
loadings of NPs were incorporated in the target domain without causing macrophase
separation. In addition, different polymer morphologies were observed for the BCP/MNP
nanocomposites. Importantly, a systematic study on the correlation of polymer domain
width and NP size revealed a much higher d/L ratio for blends with favorable interactions.
Finally, the location of FePt-PS NPs were found in the PS domain or at the interface.
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CHAPTER 4
BOTTOM-UP FABRICATION OF MAGNETO-DIELECTRIC
METAMATERIAL
4.1 Introduction
4.1.1 Metamaterials
In the world of electromagnetism, two fundamental parameters are generally used
to describe the electromagnetic (EM) properties of a given material, namely electric
permittivity ε and magnetic permeability µ. The parameters describe how an electric or
magnetic field affects, and is affected by a medium. Experimentally, they are determined
by the degree of polarization of the material in response to external fields. All the materials
can be categorized into four quadrants regarding the signs of ε and µ as shown in Figure
4.1. Materials that resides in quadrant I, II, and IV can be widely found in nature. However,
there are a few examples where nature couldn’t reach. For instance, negative-index
materials (NIMs) or left-handed materials (LHMs) that possess both negative permittivity
and permeability values at certain frequencies can only be made artificially. Such materials
give rise to a series of counterintuitive phenomena such as the negatively refracted light at
the interface according to Snell’s law, i.e. the refracted light lies at the same side with the
incident light relative to the surface normal (See Figure 4.2). Another limitation of
naturally found materials is that their magnetic permeability drops significant at high
frequency regions since magnetic polarization, originated from either the flow of orbital
currents or unpaired electron spins, doesn’t respond to waves over gigahertz frequency. As
a result, µ equals 1 for all naturally existing materials in the optical regime.(1)
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Figure 4.1. Material parameter space characterized by electric permittivity and magnetic
permeability.(1)

Figure 4.2. Negative refraction in operation: On the left, a ray enters a negatively refracting
medium and is bent the wrong way relative to the surface normal. On the right, negative
refraction requires that the wave vector and group velocity (the ray velocity) point in
opposite directions.(2)
Metamaterials, a new category of artificially engineered materials which possess
properties beyond nature were created to overcome the above-mentioned drawbacks.
However, with this solely phenomenal definition, the precise description of the structures
of metamaterial remains somewhat controversial and have caused some misinterpretations
in literature. Generally speaking, metamaterials were usually pictured as periodically
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aligned structures fabricated with precision in a length scale much smaller than the
wavelength of targeting electromagnetic waves. In such conditions, the micro-structured
material interact with the EM waves through scattering mechanism and the inhomogeneity
of the material cannot be identified by the waves. Therefore, what matters is the collective
response of the whole assembly and the EM properties of the medium can be described by
the effective values of ε and µ. The properties of a metamaterial is not solely given by the
properties of its components but also their precisely controlled shape, geometry, size,
orientation and arrangement.
From a historical point of view, the term of metamaterial emerged in 2000 in the
works of Smith et al.(3) and Pendry(4) regarding the idea of negative refraction, following
the proposal of concept by Veselago(5) in as early as 1967. Although it is still a relatively
new idea, numerous theoretical and experimental development have been made to
understand and fabricate metamaterials such as negative refractive index material, perfect
lens, metamaterial antennas, chiral metamaterial, etc. Many of these designs took
advantage of resonators such as Au or Ag NPs which shows surface plasmon effect. In
2001, the first demonstration of the Snell’s law experiment was made using the split ring
resonator (SRR) configuration that showed excellent experimental evidence of negative
refractive angles in the microwave frequency range (Figure 4.3). Quickly moving from
radio and microwave frequency to the visible range, the current focus is the design of
optically active metamaterials for all kinds of interesting phenomena in which double
negative metamaterial draws the most attention. The first experimental demonstration of
bulk NIM working in the optical range was reported by Yao et al.(6) in which they
fabricated periodically packed silver nanowires by electrochemical deposition method on
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an anodized aluminum substrate. Negative refractions were observed in the visible light
range for all incident angles due to the low loss of the device. Similar works for optical
NIM by taking advantage of surface plasmonic behavior of metal nanoparticles were
reported as well.(7) Although somewhat controversial, photonic crystals were also
considered as metamaterials although their structural length scale is comparable with the
incident EM waves.

Figure 4.3. (A) A negative index metamaterial formed by SRRs and wires deposited on
opposite sides lithographically on standard circuit board. The height of the structure is 1
cm. (B) The power detected as a function of angle in a Snell’s law experiment performed
on a Teflon sample (blue curve) and a negative index sample (red curve).(8)
Magneto-dielectric metamaterials, a material consisting of both permittivity and
permeability layers, has been recently fabricated. They could be applied as functional
devices including miniaturized antennas for high-frequency wireless communications,
integrated microwave electronics, and efficient power transformers, etc. The length of
very-high frequency (VHF) to ultra-high frequency (UHF) antennas (L), for instance, can
be largely reduced by the high magnetic permeability (µ) layer (eq. 4.1) whereas the
incorporation of dielectric layer matches the permittivity (ε) with permeability (µ) such
that impedance (Z) is comparable to the impedance of surrounding medium (Z0) to achieve
a broadband characteristic and reduced loss (eq 4.2).(9) While the majority of the research
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community attempted the manufacturing of magneto-dielectric metamaterials by top-down
technologies such as photo-lithography, it is not very cost-effective. The possibility of
fabricating such material in a bottom-up fashion is explored in this study by taking
advantage of the block copolymer self-assembly behavior.

L~ 1

Z  Z0



(eq. 4.1)

r
r

(eq. 4.2)

4.1.2 Block Copolymer/Dual-Nanoparticle Ternary Nanocomposites
In order to make polymer-based magneto-dielectric metamaterials, hybrid material
structure consisting of a BCP matrix and two distinctive NP inclusions is required, which
was only shown in a limited number of studies. Bockstaller et al.(10) reported the
preparation of ternary nanocomposites comprised of poly(styrene-b-ethylene propylene)
(PS-b-PEP), 3.5 nm Au NPs, and 21.5 nm SiO2 NPs in which both NPs were alkylfunctionalized as shown in Figure 4.4. It was found that the smaller Au NPs resides
preferentially along the intermaterial dividing surface (IMDS) whereas the larger silica
nanocrystals sits in the center of PEP domain. Noticed that in this case, the NPs were only
slightly selective to the PEP domain, therefore the major energy contribution came from
the entropic differences created by the size difference of NPs. The NP distribution behavior
in this example therefore matched well with previous studies for systems with no strong
interactions between NP and polymer domains. Similar examples of PS-b-PEP/Au/Co
nanocomposites was also reported.(11) Another interesting way of achieving similar
structure was shown in an example in which pre-formed Au NPs and Fe precursor FeCl3
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were selectively sequestrated into separate domains of PS-b-PVP and iron NPs were
subsequently prepared in situ.(12)

Figure 4.4. Bright field electron micrograph of a ternary blend of PS-PEP+ AuR1 + SiO2R2
with inorganic filling fraction φ=0.02, respectively, after microsectioning normal to the
layer direction (no stain). Gold nanocrystals appear as dark spots along the IMDS; silica
nanocrystals reside in the center of the PEP domain. Inset: Schematic of the particle
distribution (size proportions are changed for clarity).(10)
In this study, the preparation of a three-dimensional BCP-based ternary system
comprised of high-anisotropy FePt magnetic nanoparticles (MNPs) and the dielectric ZrO2
and HfO2 nanoparticle (DNPs) is realized. Orthogonal secondary interactions are
introduced such that the MNPs are confined into the hydrophilic polymer domain via
hydrogen-bonding interaction while the inclusion of dielectric NPs to the other domain is
achieved by π- π stacking interaction or polarity mismatch. The structure of the ternary
metamaterials and the orthogonal interaction are proposed in Figure 4.5.
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Figure 4.5. Proposed structure of block copolymer/dual-NP hybrid metamaterial.

MNP-driven assembly of BCP via strong hydrogen-bonding interaction was
discussed in detail in Chapter 3. Although the spatial distribution of DNPs is not necessarily
considered critical for the device properties of the metamaterials, it is however
scientifically intriguing and important to be able to control the location of second NP
species in addition to the first in a ternary nanocomposite system. The relative position of
DNPs in the polymer matrix can be controlled by changing the surface chemistry of DNPs
(therefore molecular interactions between NP and polymer) through the following ways:
(1) the use of small molecule additives; (2) covalent modification of DNPs by silane
coupling agent; and (3) surface modification with phosphonic acid derivatives. A few
examples of the ternary nanocomposites are presented, which could be potentially used as
magneto-dielectric metamaterial for high-frequency electromagnetic applications.
4.2 Experimental
4.2.1 Materials
Phenol
octylphosphonic

( ≥99%),
acid

4-phenylpyridine
(97%),

(97%),

phenylphosphonic
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triethoxyphenylsilane
acid

(98%),

(98%),

triethyloxonium

tetrafluoroborate (1.0 M in methylene chloride) were purchased from Sigma Aldrich. PSb-P2VP BCPs were purchased from Polymer Source. ZrO2 and HfO2 NPs (in toluene or
ethanol) were purchased from Pixelligent Technologies LLC. Common solvents were
purchased from Fisher Scientific. All purchased reagents were used as received without
further purification.
4.2.2 Silane Modification of ZrO2 NPs
Excessive amount of triethoxyphenylsilane were added into a 10 mg/mL toluene
dispersion of ZrO2 NPs. 10 μL of acetic acid was introduced as the catalyst and the reaction
was performed in the ambient conditions at room temperature for 3 days. The
functionalized NPs were precipitated out by the addition of ethanol as the anti-solvent and
collected by high-speed centrifugation. The silane attachment was confirmed by FTIR and
TGA, whereas the hydrodynamic diameters were obtained by using Zetasizer.
4.2.3 Surface Modification of DNPs with Phosphonic Acids
50 mg of DNPs were dispersed in 10 mL of respective solvent, to which 200 mg of
phosphonic acid (phenyl- or octyl-) was introduced. The mixture was sonicated for 30 min
before transferred to a hot plate. The reactors were stirred at 60°C for 16 h to facilitate the
condensation reaction. Resulting NPs were collected by standard purification procedures
by centrifugation.
4.2.4 Characterization
The preparation of the films and ultra-microtomed sections was similar to that of
BCP/MNP binary systems. The periodic alignment of both NPs within the BCP scaffolds
in real space was examined by transmission electron microscopy (TEM) with a JEOL
2000FX II operating at 200kV.
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4.3 Results and Discussions
4.3.1 Controlling the Spatial Distribution of Dielectric NPs
ZrO2 NP was chosen to be the dielectric medium for better impedance matching
due to its relatively high dielectric constant (ε~25) and availability. The ZrO2 NPs used in
this section were covalently protected by a short ligand with a phenyl group in the end,
with an average core size of 6 nm. As a result, the NPs could be readily dispersed in
solvents including toluene, THF, and ethanol, resulting in completely transparent and
colorless solutions. The TEM micrograph of the NPs was shown in Figure 4.6. The actual
structure of the ligand remains a trading secret of Pixelligent Technologies that cannot be
revealed. It was expected that the phenyl functionalized ZrO2 NPs should prefer to stay in
the polystyrene domain by the π- π stacking interaction.

Figure 4.6. TEM micrograph of diluted ZrO2 NPs casted from toluene (left). SAXS profile
of blends of PS(13.7k)-b-P2VP(5.2k), FePt-OH(2 nm), and ZrO2(6nm) NPs (right).
A PS(13.7k)-b-P2VP(5.2k) block copolymer was chosen to blend with ZrO2 and
FePt-OH NPs and the SAXS profiles are shown in Figure 4.6. The morphology of the BCP
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remained very similar after the introduction of 20 wt% ZrO2 NPs. The baseline of the
scattering curve for the blend appeared to be higher than the near BCP due to the random
scattering of NPs in the system. Nevertheless, the NPs were individually separated within
the polymer matrix as no strong scattering peak from the NPs was observed. The samples
with 10 wt% FePt-OH and 10 wt% or 20 wt% ZrO2 NPs showed an improved morphology
similar to the sample with only 20 wt% FePt-OH NPs, as indicated by the evolution and
narrowing of the second-order peaks. The wide bumps in the SAXS profile at the high q
range may indicate very slight ZrO2 particle aggregation, which appeared to be more
obvious with the increased loading of ZrO2 NPs in the blends. In all cases, the blends
showed periodic lamellar morphologies. TEM micrographs of thin sections from the
above-mentioned blends are shown in Figure 4.7. Surprisingly, the ZrO2 NPs were
determined to reside within the dark P2VP domain. This is in contradiction with the belief
that phenyl-containing ligand of ZrO2 should prefer polystyrene, which possess a very
similar chemical structure. For the ternary blends, the FePt-OH NPs were aligned within
the P2VP domains, whereas the ZrO2 NPs were spreading over the whole matrix. It is worth
nothing that very well-defined long-range lamellar order was achieved in the ternary
blends.
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Figure 4.7. TEM micrographs of nanocomposites comprised of PS(13.7k)-b-P2VP(5.2k)
and (a) 20 wt% ZrO2 NPs, (b) and (c) 10 wt% FePt-OH and 10 wt% ZrO2 NPs

A series of steps were taken in order to explain this unexpected result. First, high
molecular weight PS(102k)-b-P2VP(97k) BCP was used as the polymer matrix for a
clearer view of NP’s location within the template. It was obvious that ZrO2 NPs were
predominantly sequestrated in the P2VP domain. FTIR of the NPs were performed that
revealed the existence of free –OH groups on the particle surface. TGA was carried out to
obtain the organic content (15.9 wt%) based on which mathematical calculations estimated
that the areal ligand density (Σ) of the ZrO2 NP to be about 3.3 ligand/nm2, which is a
considered a relatively low value. Based on those findings, it was speculated that 2-pyridine
molecules were either H-bonding with the free –OH on the NP surface or coordinating with
the free inorganic surface that was not covered by the protecting ligands. These interactions
have dragged ZrO2 NPs into the P2VP domain. TEM images and cartoon illustrations are
shown in Figure 4.8.
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Figure 4.8. TEM micrograph of PS(102k)-b-P2VP(97k) with 20 wt% ZrO2 NPs. Inset
shows the hypothetical interaction between P2VP and NPs.
To verify the hypothesis, small molecule additives were used to alter the
interactions in the system via two methods: (1) the use phenol as a blocking agent to
consume any free active nitrogen atoms of P2VP; and 2) to further cover the free surface
of NPs with 4-phenylpyridine (4PPy). This idea was inspired by an recent example of 4PPy
being used to alter the location of Au NPs in PS-b-P4VP reported by Jang and coworkers.(13) It turns out that both strategies worked equally well such that ZrO2 NPs in the
mixed systems were now located either in PS domain or at the intermaterial dividing
surface (IMDS) as shown by Figure 4.9.

Figure 4.9. TEM micrographs of ternary blends of PS(102k)-b-P2VP(97k), ZrO2 NPs, and
(a) phenol or (b) 4-phenylpyridine. Insets shows possible mechanism of additive
interactions with P2VP and ZrO2 NPs.
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4.3.2 Fabrication of Metamaterial with Additives
By introducing the 2 nm FePt-OH NPs into the additive-filled ternary blend, the
bottom-up fabrication of magneto-dielectric metamaterial based on block copolymer/dualnanoparticle hybrid nanocomposite was successfully accomplished. Figure 4.10 shows the
TEM image of PS(102k)-b-P2VP(97k) blended with 10 wt% 2 nm FePt-OH, 5 wt% 6 nm
ZrO2 and 40 wt% 4-phenylpyridine. It clearly shows that the smaller FePt-OH were
confined in P2VP with an enrichment in the middle of the domain, whereas the larger ZrO2
were primarily found along the interface between two domains.

Figure 4.10. TEM image of PS(102k)-P2VP(97k)/FePt-OH/ZrO2/4-phenylpyridine
(85:10:5:40 wt%) composite material (left). Schematic illustration of the structure of the
material (right).

Due to the relatively low sensitivity of instruments for measuring high-frequency
permeability and permittivity, it is necessary to fabricate metamaterials with larger MNPs
that gives off significantly stronger signals. 2 nm FePt-HBA (4-hydroxybenzoic acid) NPs
were replaced by 10 nm FePt NPs with gallic acid as the ligand (FePt-GAL). Gallic acid
possess three free hydroxyl groups that provide much more stability for the FePt NPs and
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prevent larger particles from irreversible agglomeration. In addition, 6 nm ZrO2 NPs were
replaced by 4 nm HfO2 NPs, which have shown very similar behavior with ZrO2 NPs in
the polymer matrix, in order to obtain better size contrast of NPs. However, as shown in
Figure 4.11a-b, although the dielectric HfO2 NPs were correctly directed to the IMDS, the
distribution of FePt-GAL NPs within the blend was not consistent. At places they were
individually separated and located in the center of P2VP domain. However at other spots
certain degree of particle aggregation were found, despite that the aggregates were also
residing within the P2VP domain. This density variation of FePt NPs within the composite
film is not ideal in terms of device performance and will have to be improved.

Figure 4.11. TEM images of PS(102k)-P2VP(97k)/ZrO2/4-phenylpyridine with (a)-(b) 10
nm FePt-GAL, (c) 6 nm FePt-GAL, and (d) 6 nm FePt-HBA.
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This uneven distribution of NPs could stem from two aspects of the sample when
compared with previous results. First, the surface chemistry of the 10 nm FePt was different
with 2 nm FePt as different ligands has to be used. The use of gallic acid instead of 4hydroxybenzoic acid equipped the NPs with 2 additional hydroxyl groups on each ligand
molecule, which not only increased the hydrophilicity of the NP, but also make it more
prone to hydrogen-bonding with 4-phenylpyridine. This results in a complex system that
is very difficult to describe the interactions between each components. Second, the
increased size of FePt may have a major entropic impact on directing the NPs. The
accommodation of larger NPs requires far more chain compression and therefore a much
higher entropic penalty for blending.
6 nm FePt-GAL and FePt-HBA were used to verify the hypotheses. FePt-GAL was
found to behave similarly with 10 nm FePt-GAL. Figure 4.11c shows that just a few FePtGAL were found in the P2VP domain. At other spots of the sample, FePt aggregates were
identified. On the other hand, FePt-HBA shows compelling result with FePt-HBA in the
center of P2VP domain, surrounded by smaller HfO2 NPs (See Figure 4.11d). The overall
morphology of this sample was very well-defined as well. Therefore, it can be deducted
that the aggregation of 10 nm FePt NPs was cause by the interactions between gallic acid
and 4-phenylpyridine.
4.3.3 Metamaterial by Surface Modification of Dielectric NPs
Provided the experimental evidence that ZrO2 and HfO2 NPs were not fully covered
by ligands and possess some free hydroxyl groups, these NPs were further modified with
triethoxyphenylsilane (TEPS) via silane condensation chemistry. The silane modification
was proven successful by FTIR, DLS, and TGA evidence (not shown). With 10 wt%
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loading of ZrO2-TEPS to PS(102k)-b-P2VP(97k), the NPs appeared to be concentrated
both in the middle of P2VP and along the IMDS of two domains. Reducing the loading of
NP to 2 wt% revealed the tendency of these modified NPs to preferentially choose the
center of P2VP domain. In conclusion, surface modification of ZrO2 NPs with phenylsilane was not able to drag modified NPs to the PS domain.

Figure 4.12. TEM images of PS(102k)-b-P2VP(97k) with ZrO2-TEPS loading of (a) 10
wt% and (b) 2 wt%.
Alternatively, by taking advantage of the high reactivity of Zr and Hf atoms with
phosphonic acids or phosphonates, the surface chemistry of dielectric NPs can be
completely transformed. Multiple dielectric NP species were examined, including ZrO2 in
toluene (ZrO2T), ZrO2 in ethanol (ZrO2E), and HfO2 in ethanol (HfO2E), in which ZrO2E
and HfO2E share the same functionality. The ligands used were octylphosphonic acid
(OPA) and phenylphosphonic acid (PPA). Since all the NP dispersions were transparent,
the optical appearance of the NP dispersion was used to judge the degree of reactivity. For
a successful reaction, NP dispersion will either turn from transparent to milky or vice versa,
as an indication of modified surface properties. The results for ZrO2 and HfO2 reactions
are summarized in Table 4.1 and Table 4.2, respectively.
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Table 4.1. The results of ZrO2 NPs reacting with phosphonic acids at 60°C for 16 h.
Sample
ZrO2T
ZrO2T, Toluene
ZrO2T, DMF
ZrO2E
ZrO2E, EtOH
ZrO2E, EtOH

Ligand
N/A
OPA
PPA
N/A
PPA
OPA

Toluene
Clear
Clear
Milky
Clear
Milky
Clear

THF
Clear
Clear
Clear
Clear
Clear
Clear

DMF
Milky
Translucent
Translucent
Clear
Translucent
Clear

The original ZrO2T was excellent in toluene and THF, but not dispersible in DMF.
When reacted with OPA in toluene, the reaction remained clear all the time and the
resulting NP showed improved dispersibility in DMF. Interesting, when reacted with PPA
in DMF, the cloudy dispersion of NPs turned totally transparent within just a few seconds.
This phenomenon suggest that the PPA molecules were adsorbed onto the NP surface and
changed its solubility. As the reaction went on, the solution turned translucent. The reacted
ZrO2T-PPA NPs could now be dispersed in THF and fairly good in DMF, but indispersible
in toluene. The change in solubility served as a good indication that the reaction was
successful. Similarly, the OPA and PPA modification of ZrO2E were both successful as
well. TEM image of ZrO2T-PPA is shown in Figure 4.13a.

Figure 4.13. TEM images of (a) ZrO2T-PPA and (b) HfO2-OPA.
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The reactions of HfO2 NPs could either be carried out like the ZrO2 NPs, or the
original ligands can be stripped off by using triethyloxonium tetrafluoroborate (hence
HfO2-BF4) and then substituted with phosphonic acids. HfO2 showed a translucent
suspension in water, and would turn clear when the PH was adjusted to 2 by the addition
of hydrochloric acid. Therefore, the reactions in water were performed at PH=2 and those
in ethanol were performed at natural PH. To summarize the reaction results, three trends
were observed. First, the reactivity of NPs in ethanol is greater than in water. Second, the
stripping of the original ligands did not show positive effect in the stabilization of modified
NPs in non-polar solvents. Third, OPA-functionalized NPs could be better dispersed in
toluene. TEM image of HfO2-OPA is shown in Figure 4.13b.
Table 4.2. The results of HfO2 NPs reacting with phosphonic acids at 60°C for 16 h.
Sample

THF

DMF

EtOH

Clear

Clear

Clear

Clear

HfO2, Water, PH=2*

Milky

Milky

Translucent

Milky

HfO2-BF4, Water, PH=2

Milky

Milky

Translucent

Milky

Milky

Clear

Clear

Milky

Milky

Clear

Clear

Milky

Clear

Clear

Clear

Translucent

Clear

Clear

Clear

Translucent

HfO2

HfO2, EtOH, PH=4

Ligand Toluene
N/A

PPA

HfO2-BF4, EtOH, PH=4
HfO2-BF4, Toluene
HfO2, EtOH

OPA

By blending the modified DNPs with PS(102k)-b-P2VP(97k), the spatial
distribution of NPs were examined through TEM as shown in Figure 4.14. HfO2-PPA
chose to stay in the center of P2VP domain, whereas ZrO2-PPA was more directed to the
IMDS. As for HfO2-OPA, they appeared to be in the PS domain but the NPs concentration
in the film seemed to be much lower than expected. Therefore NP may have aggregated
into large clusters and was not found during sample examination. The most interesting
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sample is the blend of ZrO2-OPA, which showed very nice control of NPs along the IMDS
at relatively high NP concentration.

Figure 4.14. TEM images of PS(102k)-b-P2VP(97k) with phosphonic acid functionalized
dielectric NPs.
Metamaterials were prepared by adding 10 wt% of FePt NPs of various sizes into
the PS-P2VP/ZrO2-OPA(5 wt%) blend, as shown in Figure 4.15. The TEM images clearly
suggest that the location of ZrO2 NPs was not affected by the introduction of hydrophilic
FePt NPs and remained at the IMDS. Meanwhile, FePt-OH NPs were selectively confined
within the P2VP domain. The contrast in NP size is very clear for 2 nm/6 nm and 12 nm/6
nm (MNP/DNP) NP combinations, whereas NP species with the same diameters can be
distinguished by the shape and contrast of the NPs as shown in Figure 4.15b. FePt NPs
appear to be more spherical and darker under TEM and ZrO2 NPs are elliptical and grey.
Ternary metamaterials fabricated via this route is more “clean” than the previous
demonstration as they are additive-free.
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Figure 4.15. TEM micrographs of PS(102k)-b-P2VP(97k) with 5% ZrO2-OPA and 10%
(a) 2 nm FePt-HBA, (b) 6 nm FePt-HBA, and (c) 12 nm FePt-GAL.

4.3.4 Metamaterial from PE-PEO Bottle-brush Copolymer
Alternative interactions could be utilized towards the fabrication of metamaterials,
for example, hydrophilicity and hydrophobicity. Here, amphiphilic PE-PEO copolymers
serve as an excellent template to provide polymers chains of large difference in polarity.
HfO2 NPs in ethanol are relatively hydrophilic and have shown to prefer the PEO domain,
whereas FePt NPs with the native alkyl chains were expected to sit in the PE domain. In
this study, a bottle-brush PE-PEO block copolymer was synthesized by ring-opening
metathesis polymerization (ROMP) of PE(357) and PEO(2k) macromonomers and the
molecular weight was estimated to be approximately 300 kg/mol. The weight ratio of PE
to PEO was 2:1 ( See Figure 4.16a). The length difference of polymer brushes determines
that the BCP is intrinsically asymmetric and has a great tendency to form spherical
morphologies at arbitrary volume percentage of PE, as shown by Figure 4.16b. When NPs
were introduced to the polymer, HfO2 NPs appeared to be in both domains with a slight
enrichment surrounding the PE spheres (Figure 4.16c). Since TEM images are 2D
projection of a 3D object, NPs which stays at the IMDS would also be projected to look
like inside of the spheres. In this case, the HfO2 NPs were believed to be in the PEO phase
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with a concentration at IMDS. On the other hand, 10 nm FePt-Alkyl was found perfectly
in the middle of PE spheres just as expected.

Figure 4.16. (a) Chemical structure and illustration of PE-PEO bottle-brush copolymer;
TEM micrograph of (b) neat PE-PEO BCP that shows dark PE spheres and blends of PEPEO BCP with (c) 10 wt% HfO2 and (d) 10 wt% FePt-Alkyl (10nm).
Once combining two NPs with PE-PEO BCP, the relative positions of each NP
species remained. Therefore, a spherical metamaterial with MNP in the spheres while DNP
in the PEO matrix and along the IMDS was fabricated as shown in Figure 4.17a. The
periodicity of the spheres were not uniform due to the relatively high polydispersity of PEPEO BCP (PDI~1.9) and the unique molecular architecture of bottle-brush copolymers.
Meanwhile, replacing the 4 nm HfO2 NPs with 6 nm ZrO2 NPs rendered in a clearer image,
confirming that the DNPs were located preferential at the IMDS (Figure 4.17b). However,
in this sample FePt-alkyl NPs were distributed less evenly, which could be caused by the
high entropic penalty from the introduction of large NPs into the polymer.
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Figure 4.17. (a) TEM image of PE-PEO BCP with 10 wt% FePt-Alkyl (10 nm) and 10
wt% HfO2 NPs. Inset is a zoom-in image. (b) TEM image of PE-PEO BCP with10 wt%
FePt-Alkyl (10 nm) and 10 wt% ZrO2 NPs. Inset shows the TEM of BCP with 10 wt%
ZrO2 NPs only.
In order to reduce that entropic effect, 6 nm FePt-alkyl NPs were blended with the
BCP. As shown by Figure 4.18, the NPs were evenly distributed within the polymer
template in small spherical assemblies. Zoom-in view of the TEM micrograph showed that
many of these NPs were assembled in a hexagonally-closed packing. The reason for this
interesting packing is unknown and but could possibly due to the packing of densely
packed PE brushes. The length of the gap between the NP in the center of the hexagon and
the NPs at the edges matches reasonably well with the cross-sectional dimension of PE
block. The sample was then stained with RuO4 vapor, which selectively stains the PEO
domain. From that the NP assemblies were primarily found to live in the light PE spheres,
which is in good accordance with the expected results. Unfortunately, when putting both 6
nm FePt-alkyl and 6 nm ZrO2 or 4 nm HfO2 NPs in the BCP template, the two NP species
became unidentifiable from each other, therefore the results were not shown here.
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Figure 4.18. TEM image of PE-PEO BCP with 10 wt% FePt-Alkyl (6 nm) with zoom-in
and stained view.
4.4 Conclusions
In this chapter, the location of dielectric NPs in the BCP matrix were tuned by the
use of small molecule additives or surface modification of DNPs with silanes or
phosphonic acids. Magneto-dielectric metamaterials were fabricated in a bottom-up
fashion by using orthogonal interactions (H-bonding and π-π stacking) from block
copolymer/NP self-assembly. Alternative interactions such as varying polarities were also
shown to successfully fabricate metamaterials.To the best of our knowledge, this is the first
presentation where orthogonal interactions were utilized for the bottom-up fabrication of
BCP/MNP/DNP ternary metamaterials. Due to the small length scale of the polymer
building blocks (10-100nm), this material could be well used from radio frequency all the
way to the optical region. Simply replacing the NPs with other functional NPs such as Au
and Ag could achieve NIM metamaterials at visible range as well. This work here will
provide chances to overcome the current bottleneck of metamaterial design and
manufacturing by taking advantage of the bottom-up self-assembly by block copolymers.
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CHAPTER 5
MAGNETIC FIELD ASSISTED ALIGNMENT OF BCP/MNP FILMS
5.1 Introduction
Microphase-separated morphologies from BCP self-assembly have shown great
potentials for applications in analytical chemistry, nanolithography, optoelectronics,
functional thin films, separation membranes, and transport membranes for fuel cells.(1, 2)
In the case of membranes, for example, the efficiency of separation is closely correlated
with the overall alignment of BCP domains in the direction of the permeating species
gradient. The ideal morphology of BCPs in these applications therefore requires minimum
tortuosity and structural disorder. However, 100% precision on the orientational and
translational order of BCP domains renders difficult to achieve due to the existence of
intrinsic defects in the polymer films.
As prefaced in Chapter 1, numerous measurements have been adapted in order to
increase the morphological uniformity of polymer thin films by eliminating structural
defects. Among them a few techniques have been proven effective in improving the longrange order of polymer films, including post-processing with heat or solvent vapor,
changing the interfacial energy between substrate and polymer (neutral surface),
topographical or chemical graphoepitaxy, and applying external forces (shear flow, electric
field, magnetic field, etc.) to the polymer films. As a non-invasive method, the use of
magnetic field is considered advantageous over other techniques, especially when
secondary inputs such as solvent vapor annealing are required.(1)
Not all BCPs are suited for alignment by magnetic fields, as this technique relies
on the difference in magnetic susceptibility (Δχ) between the two polymer blocks, which

104

is negligibly small (10-9 SI units) for typical coil-coil diamagnetic BCPs. Selectively
introducing liquid crystalline (LC) moiety (usually aromatic mesogens) to specific
locations in the BCP matrix (within a domain or at the IMDS) by either covalent bonding
or secondary interactions can boost the anisotropy difference to the order of 10-6. At these
conditions, the alignment of BCPs could be achieved with a strong external magnetic field
of 5-9T. Osuji et al. demonstrated a side-chain/coil BCP based on the combination of a
poly(styrene-b-isoprene) and biphenyl benzoate mesogens in which polymer alignment
was observed using a 9-T field.(3) The role of degeneracy in magnetic alignment of
BCP/LC systems was highlighted, which explained the lack of long-range ordering due to
the presence of multiple possible arrangements of lamellar or cylindrical microdomains
that satisfies the minimum free energy condition.(1) Subsequent works demonstrated the
alignment of other BCP/LC systems with “rotational annealing” to break the degeneracy
and time-resolved small-angle X-ray scattering experiments near the order-to-disorder
transition temperature for better understanding of the alignment dynamics.(4, 5) More
recently, Gopinadhan et al. showed the alignment via a supramolecular route in which the
LC moiety was hydrogen-bonded with the PAA block of a PS-b-PAA BCP.(6)
In contrast to the direct alignment of block copolymers with an external field, BCP
ordering can be exploited by the addition of nano-sized filler materials through field-driven
approaches. The advantage of using the organic/inorganic hybrid systems is that the
inorganic nanoparticles can have significantly higher magnetic anisotropy such that
relatively low field strength is required for manipulating their movements and packing. In
some polymer-nanoparticle composites, enhanced directional ordering of BCP domains
were shown to develop around the NPs, whose spatial distribution and directional order
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were dictated by the external field, or vice versa.(7-10) Here, it is desirable to use spherical
nanoparticles due to their uniform size and crystallinity from well-developed synthetic
procedures.

Figure 5.1. Complete alignment of the block copolymer observed at long times with
similar final equilibrium morphology obtained for all nonzero magnetization strengths.
Magnetic field applied along the y-axis. (left) Schematic of energy penalty due to
deformation of nanoparticle chains in external magnetic fields; ε is the width of the diffuse
layer around the nanoparticle. (right)

It has been well understood that superparamagnetic nanoparticles align in the
direction of an in-plane magnetic field to form long chains. Recent simulations works on
diblock copolymer/MNP composite thin films in which NPs are strongly selective to one
of the domains suggested great potential for the alignment of BCP microdomains by the
controlling the spatial distribution of MNPs within the matrix.(2, 11) The mechanism of
this MNP-driven alignment of BCP domain is governed by the resistance of NP chains to
bend against the magnetic field direction. Interplay of NP loadings, magnetization
strengths, and NP sizes give rise to interesting phase behavior and alignment effects. For a
lamellar-forming system with in-plane field direction, the optimal alignment happens at
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approximately 10 vol% NP loading, with NP size half of the respective polymer domain
(See Figure 5.1). At this condition, a merely 1 T field is required to align the composite.
In the case of asymmetric BCPs with NP selective for the minor domain, an out-of-plane
magnetic field may drive the NP into a hexagonal lattice by reducing the defects in the
BCP system. Alternatively, honeycomb structures could be observed if the NPs favor the
major block. However, up until now, less or no experimental demonstrations of the abovementioned alignment have been reported.
In this study, an external magnetic field is applied to PS-b-P2VP/FePt NP thin films
with cylindrical or lamellar morphology in order to achieve vertical orientation of NP-filled
cylinders across the sample. NP loading, polymer domain size, film thickness, and field
strength are varied for comparing the effectiveness of the alignment process. This is the
first experimental demonstration of enhanced long-range vertical ordering of BCP/MNP
composite films by an external magnetic field. The resulting composite films could be
readily adapted as templates for functional materials that require preferential directional
order over large areas.
5.2 Experimental
5.2.1 Materials
Poly(styrene-b-2-vinyl pyridine) of various molecular weights and volume
fractions were purchased from Polymer Source. PYREX® petri dishes of 100 x 10 mm
were purchased from Chemglass. Ultra-High-Pull Neodymium-Iron-Boron Magnets (1"x
1" x 3/8") were purchased from McMaster-Carr. Solvents including THF, DMF
(anhydrous), methylene chloride, and chloroform were purchased from Fisher Scientific
and used without further purification.
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5.2.2 Film Alignment Experiments
Thin films of BCP/MNP blends were obtained by spin-coating onto silicon wafers
from their DMF solutions (1 wt% - 5 wt%) and heated for 1 min at 100°C to remove residue
solvent. The spin speed was varied from 1k rpm to 3k rpm for different film thicknesses.
The composite film was put in the center of a covered petri dish together with a glass
solvent reservoir. The petri dish was covered but not sealed so the solvent inside would
deplete over time. The vapor pressure inside the petri-dish was not saturated, but sufficient
amount of solvent was introduced at the beginning of the experiments to ensure that
polymer films absorbs adequate solvent vapor. The petri dish was then sandwiched by two
identical Neodymium-Iron-Boron magnets. At the end of the experiments, the magnets and
the cover of the petri dish were quickly removed to lock in the polymer morphology.
Cylinder-forming PS-b-P2VP/FePt NP blends were studied. See Figure 5.2 for the
illustration of the experimental setup.

Figure 5.2. Schematic illustration of the experimental setup for the alignment of NP-filled
cylindrical block copolymer films.
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5.2.3 Characterization
Film thickness of the polymer thin films were obtained by using a Filmetrics
Optical Profilometer. Surface topography was examined by Atomic Force Microscopy
(AFM) with a Digital Instruments Dimension 3100 AFM operating at tapping mode. The
orientation of the cylinders was also determined by the 2D Fourier transform of the AFM
images. Vertical orientation of the cylinders was examined by cross-sectional SEM
imaging with a FEI Magellan 400 FESEM.
5.3 Results and Discussions
The first nanocomposite for examination was PS(102k)-b-P2VP(97k) with 10 wt%
FePt-GAL(10 nm) NPs. The film thickness was controlled at 70-80 nm, slightly larger than
the domain spacing of the BCP (60 nm). As a result, when properly annealed, this BCP
forms a lamellar morphology with lamellae stacking in the direction vertical to the silicon
wafer substrate at this thickness. Figure 5.3 shows the AFM phase images of the same
batch of sample treated with different processing conditions. The as-spun film presented a
disordered lamellar-like morphology. The brighter region is considered to be the NP-rich
P2VP domain, since the NPs are much harder than polymer chains. THF, a neutrally good
solvent for both PS and P2VP domains, was chosen to anneal the samples for 2 h. After
annealing, the morphology of the film changed to a very disordered cylindrical
morphology. A magnet was brought to the top or the bottom of the petri dish while solvent
annealing was performed. The resulting films showed very similar morphologies with the
as-spun sample, but with a relatively higher contrast between different polymer domains.

109

Figure 5.3. AFM phase images of PS(102k)-b-P2VP(97k) with 10 wt% FePt-GAL(10 nm)
NPs via different processing conditions. Scale is 1μm by 1μm.
Theoretically, in order to obtain nice alignment of the film, two conditions needs to
be satisfied simultaneously. First, the polymer chains have to be sufficiently mobile so that
polymer chain rearrangement can happen. In this experiment, both PS and P2VP blocks
have glass transition temperatures near 100°C so that the polymer morphology are “frozen”
at room temperature. During the solvent annealing process, the polymer films absorbs
solvent molecules that resulted in a volumetric expansion, creating more free volume for
possible chain arrangement. The amount of solvent that enters the film determines the
degree of chain mobility increment. Previously, THF has been widely used to anneal neat
PS-b-P2VP in well-sealed systems in which saturated solvent vapor pressure can be
obtained. However, in this experiment since the petri dish cannot be completely sealed, the
final vapor pressure inside the petri dish is expected to be less than the saturation pressure.
In light of this, solvents with higher vapor pressure such as chloroform (CHCl3) and
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methylene chloride (DCM) can be selected to replace THF. Figure 5.4 shows the AFM
phase images of samples annealed with the alternative solvents. When CHCl3 was used,
the sample showed a fairly registered lamellar morphology with lamellae lining
perpendicular to the substrate. If a magnet was put underneath the sample during solvent
annealing, the morphology of the film became more well-defined. At some regions, the
signs of cylindrical morphology can be seen, as indicated by the dark dots scattered across
the image. Switching the solvent to DCM resulted in a lamellar film primarily aligned in
the in-plane direction with a few scattered spots where the lamella were perpendicular to
the substrate. With the application of a magnet, the area of perpendicularly packed lamella
has increased.

Figure 5.4. AFM phase images of PS(102k)-b-P2VP(97k) with 10 wt% FePt-GAL(10 nm)
NPs annealed with chloroform and methylene chloride. Single magnet was applied at the
bottom of the film for images on the right. Scale is 4μm by 4μm.
Second, the direction of the external magnetic field must be uniform across the
polymer film and the field strength must be reasonably strong. Since the magnetic field
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created by a single magnet was neither uniform nor strong enough, two magnets were
sandwiched together to create a much stronger and uniform in the space between them. The
shorter the distance between the magnets, the stronger the field strength is. This distance
is limited by the thickness of petri dish, which is 10 mm in this case. As shown by Figure
5.5, samples aligned by the double magnets setup shows much better vertical alignment of
the polymer domains compared with previous results. THF-annealed sample was showing
a cylindrical morphology with improved directional order but a less satisfying lateral order
and domain size distribution. The sample annealed by DCM (or chloroform) showed a
well-defined cylindrical morphology with much better vertical and lateral order, which
may be due to the high polymer chain mobility in this experiment. Noticed that all the films
are showing cylindrical morphology instead of previously shown lamellar morphology.
This is expected to be the coordinative result of solvent selectivity, substrate property, and
the effect of magnetic field.

Figure 5.5. AFM phase images of PS(102k)-b-P2VP(97k) with 10 wt% FePt-GAL(10 nm)
NPs annealed by (a) THF and (b) DCM with an external field perpendicular to the substrate,
created by two parallel magnets.
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Gopinadhan et al. suggested via simulation that the optimal d/L (the ratio of NP
size over polymer domain size ratio) should be around 0.51 for ideal in-plane or vertical
alignment. Large NP size will result in the distortions to nanodomains and smaller NPs can
cause colloidal jamming. In this system, however, d/L was comparatively lower at 0.33,
with the diameter of FePt NPs being 10 nm and P2VP domain size being 30 nm. To
investigate the size-dependent effectiveness of the alignment, the size of FePt NPs was
further decreased to 6 nm, giving a d/L value of 0.2. Figure 5.6 shows the AFM phase
images of the composite films with and without the applied external magnetic field. The
sample with no field showed a cylindrical morphology without apparent directional order,
whereas the sample treated with the field showed a nicely aligned cylindrical morphology
similar to the blend with 10 nm FePt NPs. This finding is in slight discrepancy with the
simulation result, which may suggest that the interaction between the NP and P2VP domain
χNP is higher than the value set for the simulation work (χBP > 22).

Figure 5.6. AFM phase images of PS(102k)-b-P2VP(97k) with 15 wt% FePt-GAL(6 nm)
NPs annealed in CHCl3 with (right) and without (left) external field.
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The relative position of the polymer film within the double magnets also affect the
final morphology of the film. Here, Figure 5.7 shows that the alignment of the cylinders
was better when the sample was placed in the center of two magnets. The reason for this
phenomenon is that the field density in between the two magnets is not completely uniform
in the vertical direction. Only when the magnetic plates were infinitely large can the space
in between considered perfectly uniform. Magnetic gradient is therefore considered present
in between the two magnets, which creates attractive forces to MNPs. However, the
gradient is diminished in the center plane, which is distanced equally to the two magnets.
Therefore, the sample placed in the middle was not affected by the magnetic gradient and
showed much better vertical alignment across the film.

Figure 5.7. AFM phase images of PS(102k)-b-P2VP(97k) with 10 wt% FePt-GAL(10 nm)
NPs annealed in chloroform with an external field created by two parallel magnets. The
sample was placed more close to the bottom magnet (left) or in the middle of two magnets
(right).

When the film thickness was reduced to 30 nm, the blend film showed well-defined
cylindrical morphology with a mixed out-of-plane orientation as seen in Figure 5.8a. With
2 h magnetic alignment in CHCl3, the film clearly showed a well-ordered cylindrical
morphology with near perfect domain size distribution, lateral order, and vertical order.
114

Here, since the film thickness was only half of the BCP’s domain spacing, the formation
of hexagonal arrays is due to repulsive dipolar interactions of MNPs.(4)

Figure 5.8. AFM phase images of PS(102k)-b-P2VP(97k) with 10 wt% FePt-GAL(10 nm)
NPs with reduced film thickness (30 nm) annealed in CHCl3 with applied field for (a) 0
min, (b) 120 min, (c) 2 min, and (d) 120 min with a rotational field at 3 RPM. Insets
represent the 2D Fourier transform of the AFM images.

The nice thing about this approach is that the alignment can happen with just 2 min
of applied external field as shown in Figure 5.8c. In this experiment, the blend film was
initially annealed for 30 min to ensure polymer chain mobility and then put into the field
for 2 min. Very similar results were shown when comparing the samples aligned for 2h
and 2 min. Figure 5.8d suggested that the application of a rotational field can further
improve the vertical order of the film. Here, almost all the cylinders were perfectly
spherical, suggesting an improvement over the static field alignment setup. The rotational
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field could hypothetically apply an additional wiggly force upon the NPs in addition to the
repulsive dipole effect, breaking the degeneracy and resulting in better alignment effect.
Finally, it is worth noting that the field strength used in this study is significantly
smaller than previous reports of BCP alignment by magnetic field. The field strength
immediately next to the surface of the magnet used in this study is reported to be
approximately 1 T. Although not measured in this study, the actual field strength applied
to the polymer field is believed to be significantly lower than 1 T, given the exponential
decay of field strength created by magnet bars as the distance increases. Therefore this
method is especially advantageous in terms of the reduction of required field strength for
aligning BCPs and the cost/energy associated with this technique.
5.4 Conclusions
In this work, the vertical ordering of cylinder-forming BCP/MNP thin films were
shown to be significantly improved upon the application of an external magnetic field.
High polymer chain mobility and large field strength were found to be crucial for effective
alignment. The alignment dynamics was determined to be fairly fast as films can be aligned
within 2 min. The application of a rotational field appeared to further facilitate the
alignment.
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CHAPTER 6
FUNCTIONAL MATERIALS FROM BCP/MNP NANOCOMPOSITES
6.1 Additive-Driven Self-Assembly of Well-Ordered Mesoporous Carbon/Iron Oxide
Nanoparticle Composites for Supercapacitors
6.1.1 Introduction
Energy storage devices such as supercapacitors have attracted significant attention
for electrochemical applications with ideal requirements including fast charge and
discharge, high power density, and long cycle life.(1) Based on the mechanism of energy
storage, supercapacitors can be classified as either electric double-layer capacitors (EDLC)
(2) or faradaic pseudocapacitors. EDLCs commonly use carbon-based materials such as
activated carbon(3), mesoporous carbon(4), graphene(5) or carbon nanotubes(6, 7). EDLC
supercapacitors usually possess high power density and conductivity due to their fast
sorption and desorption of ions, but with a low speciﬁc energy, as only the surface of the
carbon is being accessed(8, 9). On the other hand, pseudo-capacitors exploit the pseudocapacitance behavior of redox-active materials such as transition metal oxides(10-14) or
conductive polymers(15-18) and typically have high energy density, as the bulk of the
material is utilized. However, one significant drawback of this type of material is their
relatively low power density limited by the slow diffusion of ions within the electrode.
These tradeoffs have inspired attempts to develop hybrid supercapacitors by combining
carbon-based materials with redox-active materials, in which metal oxide/mesoporous
carbon combinations have shown some great potential. (19)
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Mesoporous carbons are the most adapted materials as the support for metal oxides
due to their high surface area, electrical conductivity, uniform pore size, and well-deﬁned
channel structures.(4, 20) To improve performance, it is often necessary to incorporate
metal oxide particles within the nanostructured carbon supports. Although metal oxides
possess high pseudo-capacitance values, their real contribution to the total charge storage
depends strongly on the surface utilization of the active materials, which could be achieved
by dispersing nano-sized particles onto highly ordered high-surface carbon substrates.
Whereas some of the methods are time-consuming and tedious, among these a "one pot"
tri-constituent co-assembly approach(21, 22) in which the carbon precursors and inorganic
precursors are assembled within a structure-directing block copolymer is potentially facile
and cost-effective. Wang et al. (23) realized the synthesis of highly ordered Fe-containing
mesoporous carbon materials using phenolic resol as a carbon source, hydrated iron nitrite
as an iron source and an amphiphilic poly(ethylene oxide-b-propylene oxide-bethyleneoxide) triblock copolymer Pluronic F127 as the template. However, in situ
preparation of the Fe2O3 nanoparticles resulted in NPs that were significantly larger than
the pore walls owning to the aggregation of small nanoparticles and which extended into
the pores themselves, especially at high loadings. This results in both decreased surface
utilization of the active materials and increased tortuosity for ion transport. More recently,
the Vogt group synthesized mesoporous carbon composite thin ﬁlms containing cobalt and
vanadium oxides by tri-constituent self-assembly of cobalt (or vanadyl) acetylacetonate
(acac) as the metal source.(20) Their results showed that even after 500 cycles, the
composite films maintain a specific capacitance as high as 113 F/g (for Co) and 159 F/g
(for V) in comparison to the neat carbon, which exhibited approximately 22 F/g.
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Collectively these recent results demonstrate that the metal oxide-carbon nanocomposite
materials are indeed a class of promising electrode materials for high performance
supercapacitors. However several major drawbacks for metal oxide-carbon nanocomposite
materials remain, such as relatively low loadings of the metal oxide, aggregation of
nanoparticles, and the lack of an ordered mesoporous structure.

Figure 6.1. Schematic illustration of the preparation of mesoporous carbon/Fe2O3 NP
nanocomposites using additive-driven self-assembly.

In this study, a straightforward method is developed for the preparation of
mesoporous carbon/iron oxide nanoparticle composites via bi-constituent cooperative selfassembly of poly(t-butyl acrylate)-block-polyacrylonitrile (PtBA-b-PAN) and Fe2O3
nanoparticles followed by a direct carbonization (Figure 6.1). Polyacrylonitrile (PAN)
serves as a carbon precursor as well as a nanostructure template for the incorporation of
Fe2O3 NPs with 4-hydroxybenzoic acid as the ligand. The hydrogen-bonding interaction
between the NP and PAN block contributes in a number of important ways for well-defined
mesoporous composites, which include providing control of the nanoparticle distribution,
avoidance of NP aggregation at high loadings by limiting their physical mobility, and
enhancing the phase segregation of the block copolymer template. Herein the utilization of
hydrogen-bonding provides a new way to form carbon-metal oxide domains within a block
copolymer self-assembled nanostructure, and emphasis is made for the correlation of the
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nanocomposites morphology and the NP loading with the material’s electrochemical
properties in order to obtain desirable device performances. This work was performed in
collaboration with Dr. Ying Lin.
6.1.2 Results and Discussions
It has been well documented that PAN can be used for the manufacture of carbon
fibers (black Orlon) by the process of thermal stabilization. When PAN is heated, it
decomposes by cyclization and aromatization of the nitrile side groups, with some
intermolecular cross-linking, to yield carbon fibers.(24) This cyclization is of interest since
it can be used to “freeze in” a specific microstructure, in the present case that of a
microphase-separated diblock copolymer. Further pyrolysis can then be performed to
create nanostructured carbon materials. Throughout this study PtBA (14.4K)-b-PAN
(23.3K) with a polydispersity of Mw/Mn=1.26 was used as the polymer template.
The outward-facing phenolic OH group on the NP surface acts as H-bonding donor
and interacts strongly with nitrile group in PAN block.(25) The dimensions of iron oxide
NPs were 2.70.9 nm in diameter, smaller than the size of nanoparticles that are usually
realized using in situ preparation.(22) TGA result indicates that the iron oxide core
comprises ~59.3% of the mass of the phenol functionalized iron oxide nanoparticles
(Fe2O3-OH NPs).
Figure 6.2a shows the SAXS profiles for the neat PtBA-b-PAN and its blends with
Fe2O3-OH NPs at several NP loadings. The SAXS curves have been shifted vertically for
clarity. The neat PtBA-b-PAN exhibited a broad hump which is due to the correlation hole
effect observed for disordered BCPs,(26, 27) suggesting the absence of well-defined
nanoscale morphology. Upon addition of 10 wt% of Fe2O3-OH NPs, multiple scattering
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peaks were observed at 0.171, 0.296, and 0.452 nm-1 (peak position ratios relative to q* of
1, 3, 7… with a d-spacing of 36.7 nm (d100=2/q*)). These higher order reflections were
resulted from the structural correlations with hexagonal symmetry and suggest a cylindrical
structure. At 20 wt% concentration of Fe2O3-OH NPs, the multiple scattering peaks became
more obvious and the primary peak sharpens, indicating a significantly stronger domain
segregation than those observed at lower NP loadings. Further increasing NP loading up to
30 wt % leads to a loss of the multiple higher orders of reflection (not shown here),
suggesting an upper bound to particle loading for maintaining well-defined order in this
particular system. Therefore, in the following context, only 10 and 20 wt% loadings of
Fe2O3-OH NPs will be discussed.

Figure 6.2. (a) SAXS profiles of the PtBA-b-PAN block copolymer and its blends with
Fe2O3-OH nanoparticles before carbonization; TEM images of blend of the BCP with 20
wt% Fe2O3-OH NPs (b) before carbonization and (c) after carbonization. All the samples
were annealed at 150°C for 2 days.
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Figure 6.2b shows a TEM image of a microtomed sample of blend with 20 wt%
concentration of Fe2O3-OH NPs. A well-ordered cylindrical morphology was shown
evident. Since PtBA and PAN have similar electron densities and thus the contrast
observed in TEM in the absence of staining is a clear indication that Fe2O3-OH NPs were
selectively residing in the PAN domains.
Bulk and thin film samples of the BCP/NP composites after thermal annealing were
subjected to stabilization by 2 h annealing at 280°C in contact with air, and subsequently
pyrolyzed by heating at 10 °C/min to 700 °C under nitrogen flow. Upon pyrolysis, the PAN
(or PAN-NP) domains were converted into carbon (or carbon-NP composites), whereas the
sacrificial porogen, PtBA, decomposed and was volatilized to leave the pores. TEM
micrographs of BCP/20% Fe2O3-OH NPs (Figure 6.2c) films exhibit a uniform, nonfractal, nanoporous structure after pyrolysis. The microphase-separated cylindrical
morphology was considered to have retrained after carbonization. In addition to the
mesopores, NPs were also clearly visible in the TEM micrographs taken at higher
magnification. The NPs were distributed throughout the wall framework with an average
particle size less than 4 nm and no large aggregations of particles were observed.
To confirm iron oxide incorporation into the carbon framework, X-ray
photoelectron spectroscopy (XPS) was carried out. As shown in Table 6.1, XPS analysis
revealed a high iron content in composites, with 4.3 atomic% in materials prepared using
10 wt% Fe2O3-OH NPs blends, and 8.0 atomic% in materials prepared using 20 wt%
Fe2O3-OH NPs blends, indicating that almost all of the iron originally present in the blends
remained incorporated within the carbon framework. The mass loading of Fe2O3 in the final
carbon composites is therefore equals to 16 wt% for materials derived from the 10 wt%
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Fe2O3-OH NPs blends and 30 wt% for the materials from the 20 wt% Fe2O3-OH NPs
blends. Nitrogen is also abundant in the composites at concentrations as high as 13 atom%.
These nitrogen atoms have been demonstrated to be electrochemically active which is in
favor of the device application.
Table 6.1. XPS Data summary a
C
N
O
Fe
(atomic %) (atomic %) (atomic %) (atomic %)
PtBA-b-PAN
78.9
15.0
6.1
0.0
78.7
15.4
5.9
0.0
10wt.% Fe2O3-OH
71.3
12.9
11.6
4.2
NPs
70.4
13.8
11.3
4.5
20wt.% Fe2O3-OH
65.1
11.7
15.4
7.8
NPs
65.0
12.4
14.3
8.3
a
Upper rows are 15º take-off angle data and lower rows are 75º data.

Pore size distribution and specific surface area play a vital role in mechanical,
thermal and chemical properties of the porous materials and their utility as electrodes.
Direct information about the porosity of the samples was obtained through standard
nitrogen adsorption analysis. The nitrogen adsorption-desorption isotherms are shown in
Figure 6.3. Except for the control PAN homopolymer sample, all the three isotherms are
typical type-IV isotherms with an H1-type hysteresis loop, representative of mesoporous
structures. The corresponding pore size distribution were calculated from the adsorption
branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method and the results
were summarized in Table 6.2. The average pore diameter decreases from 31.9 nm to 26.0
nm and 21.0 nm when Fe2O3-OH NPs concentration increases in the original blend from 0
to 10 wt% and 20 wt%, respectively. This decrease in the average pore size is consistent
with the decreased d-spacing determined from SAXS and the smaller pores observed by
TEM, and is expected to lead to larger specific surface areas and higher porosities. The
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Brunauer-Emmett-Teller (BET) specific surface area (SBET) and the total pore volume per
gram (Vtot) of the mesoporous samples calculated from nitrogen adsorption analysis are
also shown in Table 6.2. SBET and Vtot both increased with increasing NPs loadings. It is
remarkable that the SBET value of 20 wt% Fe2O3-OH nanoparticles sample was estimated
to be 757 m2/g, a relatively high value for the mesoporous carbon materials derived from
polymer templates.(28) All these results provide a strong indication that the overall
nanoscale morphologies of block copolymer/nanoparticle composites were retained after
decomposition of the sacrificial block and carbonization of the PAN blocks.
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Figure 6.3. Nitrogen adsorption-desorption isotherms at 77K for various carbon materials.

Table 6.2. Data summary from N2 sorption and desorption isotherms
PAN
BCP
10% Fe2O3 20% Fe2O3
SBET (m /g)
301
414
540
757
Pore Diameter (nm)
N/A
36.9
31.0
26.0
total pore volume (cc/g) a 0.21
0.94
1.08
1.35
a
Vtot calculated based on the amount adsorbed at a relative pressure of 0.97.
2
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The performance of mesoporous carbon/Fe2O3 thin films on stainless steel
substrates as working electrodes was evaluated. No other additives such as carbon black or
polyvinylidene fluoride (PVDF) binders were added. In this way, the experimental results
reflected the electrochemical properties of only the active materials without conductive
additives or binders. One molar aqueous Na2SO3 was chosen as the electrolyte. Other
electrolytes such as KOH, or Na2SO4 were investigated, but the capacitances were much
lower than that of Na2SO3. This phenomenon was consistent with literature results(29)
where the mechanism study indicated that, in the case of Na2SO3 solution, the capacitive
current results from the combination of EDLC and the pseudocapacitance that involves
successive reduction of the specifically adsorbed sulfite anions. In Na2SO4 (aq), the
capacitive current is due entirely to EDLC. In the case of KOH (aq), the formation of an
insulating layer by surface oxidation of the electrode results in a significantly low
capacitance.
The electrochemical measurements included cyclic voltammetry (CV), Figure 6.4a,
galvanostatic charge/discharge (GCD), Figure 6.4b and 6.4c, and cycling stability, Figure
6.4d and 6.4e. The CV curve for neat mesoporous carbon electrodes derived from the BCP
was relatively flat and rectangular, which is typical for electrochemical double-layer
capacitors.(20, 30) Even at high scan rate of 100 mV/s, the CV curve showed rectangular
shape, implying fast electrolyte movement. The addition of the Fe2O3 NPs increased the
integrated area of the CV curves, suggesting increased specific capacitance of the films.
Importantly, the shape became less rectangular, and a shallow redox reaction humps at 0.42 V vs Ag/AgCl was present. This may be originating from the pseudocapacitance of
Fe2O3 NPs. It was suggested that the mechanism that provides pseudocapacitance of Fe2O3
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is similar to that proposed for Fe3O4(31). According to the work of Wu et al.(32), the
pseudocapacitance reaction mechanisms of magnetite in Na2SO3 may result from the
surface redox reaction of sulfur in the form of sulfate and sulfite anions, as well as the
redox reactions between FeII and FeIII accompanied by intercalation of sulfite ions to
balance the extra charge with the iron oxide layers.

Figure 6.4. Characterization of supercapacitors built with mesoporous carbon electrodes:
(a) cyclic voltammetry curves at a scanning rate of 100 mV/s; (b) galvanostatic chargedischarge curves; (c) relationship between specific capacitance and current density for
various of electrodes, (d,e) the cycling performance at 1 A/g. All the measurements were
done at 1 M Na2SO3 aqueous electrolyte with a Pt wire counter electrode and Ag/AgCl
reference electrode.
The discharge behavior of the electrode was examined by galvanostatic
charge/discharge (GCD) test in the potential range from -1.0 V to 0.1 V at different current
densities. The capacitance of the films were calculated as C=I/(dV/dt), where C is
capacitance, I is the current, and V is the potential.(33) For the pure mesoporous carbon
film, the specific capacitance (Cg) was found to be 153 F/g at current density of 0.5 A/g.
This capacitance agrees well with the capacitance for a mesoporous carbon powder from
PAN BCP template.(34) The typical capacitance of mesoporous carbon without any
127

heteroatoms is usually less than 100 F/g. Herein the nitrogen atoms preserved from PAN
contribute to the electrochemical reaction and lead to higher specific capacitance. The
addition of 10 wt% Fe2O3 NPs (equals to 16 wt% Fe2O3 NPs after pyrolysis) significantly
increases the capacitance to 204 F/g at current density of 0.5 A/g, and 20 wt% Fe2O3 NPs
case (equals to 30 wt% Fe2O3 NPs after pyrolysis) to 235 F/g at current density of 0.5 A/g,
which was 54% larger than that of pristine mesoporous carbon. This enhanced capacitance
is consistent with easy accessibility of the iron oxide in the mesoporous carbon framework.
Previous reports indicate that iron oxide/activated carbon composites yield specific
capacitance up to 188 F/g.(35) Improvements in the specific capacitance realized in this
study may be due to both excellent dispersion of small NPs and the ordered mesoporous
carbon structure.
The GCD experiments were performed at different loading current density ranges
from 0.5 A/g to 10 A/g. Figure 6.4b showed the GCD curves for 20 wt% Fe2O3 NPs
samples at different current density. The constant slope of these discharge curves reveals
good electrochemical reversibility and capacitive characteristics. The specific capacitance
for 20 wt% Fe2O3 NPs case was found to be 235 F/g at current density of 0.5 A/g and
retained 51% of this value (119 F/g) at a high loading current density of 10 A/g, as seen in
Figure 6.4c. This rate capability indicates that the interconnected mesoporous structure
provides an efficient pathway for electrolyte ion movement through the carbon matrix.(36)
In addition to the initial capacitance of the materials, the cyclic performance is critical for
supercapacitor applications. Importantly, the devices derived from the 20 wt% Fe2O3 NPs
samples exhibit good cyclability by maintaining 95% of capacitance after 380
charge/discharge cycles at 1 A/g, as shown in Figures 6.4d-e.
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6.1.3 Conclusions
In summary, the development of ordered mesoporous carbon/iron oxide composites
was reported by cooperative self-assembly of PtBA-b-PAN block copolymers which
contain both a carbon precursor and a porogen, and phenol-functionalized iron oxide NPs
followed by carbonization. The strong interactions between phenol-functionalized iron
oxide nanoparticles and PAN resulted in a preferential dispersion of the NPs within the
PAN domains and led to ordered nanostructured mesoporous carbon framework containing
as high as 30 wt% iron oxide NPs after pyrolysis. The resulting iron oxide NPs/mesoporous
carbon composites exhibit high specific surface areas (540-757 m2/g) and high pore
volumes (1.08-1.35 cm3/g). The specific capacitance of neat mesopororous carbon films
prepared from PtBA-b-PAN was 153 F/g at current density of 0.5 A/g whereas films
containing 16 wt% and 30 wt% Fe2O3 NPs exhibited capacitances of 204 F/g and 235 F/g
respectively. Moreover, 95% of initial capacitance was maintained after more than 380
cycles for the composites. This work demonstrates a simple and easily scaled approach to
prepare ordered mesoporous carbon composites that possess attractive electrochemical
properties for energy storage applications.
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6.2 Mesoporous Silica/NP Composites Prepared by 3-D Replication of Highly Filled
Block Copolymer Templates
6.2.1 Introduction
Mesoporous silica / magnetic NP nanocomposites are of increasing interest due to
their potential to be used in catalysis such as the growth of carbon nanotubes. Efforts have
been directed in stabilizing magnetic NPs by incorporating them into mesoporous silica as
well as hollow silica spheres(37-39). In several approaches, the loading of NPs
incorporated into the silica matrix was limited by weak interactions between the NP
precursors and silica matrix(38) and/or between the NPs and the template required to
generate the mesoporous silica(37, 39). To further extend the development of meosporous
silica/MNP composites, favorable interactions are introduced between pre-synthesized
MNPs and block copolymer templates to achieve high NP loadings.
The highly filled 3-D solid templates are then used to prepare doped mesoporous
silica via phase selective, supercritical carbon dioxide (scCO2) mediated replication
process that has been reported by the Watkins group earlier(40-43). This process relies on
the dilation of block copolymer templates and high solubility of silica precursors such as
silicon alkoxides in supercritical carbon dioxide (scCO2). The block copolymer thin film
templates are typically prepared by spin-coating amphiphilic block copolymer solutions
containing catalytic amounts of organic acid. The amphiphilic block copolymer template
is then exposed to a humidified scCO2 solution of a silica precursor such as silicon
alkoxides. During phase separation of the template, the organic acid partitions within the
hydrophilic domains of the template such that upon introduction of scCO2, hydrolysis and
condensation of the precursor to form the silica network occurs exclusively within the
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hydrophilic domains of the template. The unmodified hydrophobic domains of the template
subsequently generate the mesopore, i.e. the chemistry is phase selective. The use of scCO2
allows for the amphiphilic block copolymer template to be dilated sufficiently, increasing
the penetrate diffusion rates(44) and permitting uniform infiltration of the silica precursors
within the template. The infused silica/block copolymer composite is then subjected to high
temperature calcination to remove the polymer template and yield a mesoporous silica thin
film. The size and the shape of the domain level structure of the well-ordered hybrid
materials can be easily modified by changing the block copolymer molecular weight and
the relative volume fractions of the blocks as the scCO2 processing scheme separates the
ordering of the block copolymer template from the inorganic matrix formation to allow
adjustments to be made to the template before the silica network is established.
Herein the preparation of highly filled block copolymer/MNP composite templates
via additive-driven assembly followed by phase selective silica condensation within the
block copolymer domain containing the NPs enables the synthesis of mesoporous silica
films with pore walls containing high concentrations of NPs. This work was performed in
collaboration with Dr. Nick Hendricks and Rohit Kothari.
6.2.2 Results and Discussions
Figure 6.5 illustrates how the desired mesoporous silica doped with presynthesized NPs was produced. The process begins by spin-coating a solution of NPs (presynthesized FePt NPs of ~ 2-3 nm in diameter) with Pluronic® F127 and para-toluene
sulfonic acid (PTSA), which is a strong organic acid used to promote the hydrolysis and
condensation of the silica network, to create a 400-500 nm thin films. The solutions
consisted of 10 wt% solids (Pluronic® F127, pre-synthesized NPs and PTSA) and 90 wt%
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DMF solvent. Concentration of the pre-synthesized NPs ranged from 5 wt% to 25 wt%
with respect to F127 while the concentration of the PTSA was held constant at 15 wt%
with respect to all solid materials. The solutions were stirred at room temperature for 15
min to ensure the components were sufficiently mixed, and then directly spun-coated in an
air environment, through a 0.2 µm poly(tetrafluoroethylene) (PTFE) filter, on a cleaned
silicon wafer for 90 seconds at 3000 rpm. The thin films showed no signs of crystallization,
de-wetting or macro-phase separation.

Figure 6.5. Illustration showing the fabrication steps to create mesoporous silica doped
with FePt NPs.

To template the mesoporous silica around the pre-synthesized NPs, the thin film
samples were exposed to a humidified solution of scCO2 containing the silicon alkoxide
precursor of tetraethyl orthosilicate (TEOS) at 60°C and 125 bar for 2 h. The unique aspect
of templating mesoporous silica through the use of scCO2 processing is that the thin film
block copolymer template formation is separated from the condensation of the silica
precursor. This allows the block copolymer template to retain the morphology created
during the spin-coating and annealing steps and remain unperturbed during the formation
of the silica network. Generation of the mesopores and removal of organic material was
simultaneously achieved by thermal degradation. Calcination was performed with a 1.56
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°C/min ramp rate from room temperature to 400°C, held at 400°C for 6 hours and brought
back to room temperature with a ramp rate of 1.56°C/min. Fabrication of mesoporous
silica through the scCO2 processing has also been characterized to show that an
interpenetrating network (IPN) structure was formed from the micropores created during
the thermal degradation of the PEO blocks(45). Such characteristics of the mesoporous
silica, i.e. high degree of wall porosity, created through scCO2 processing, once doped with
pre-synthesized NPs, make for unique substrates that are ideal for use in catalysis and
sensing applications.
Mesoporous silica samples containing pre-synthesized FePt NPs of 5 wt% and 25
wt%, with respect to the F127 template were created. X-ray diffraction (XRD) was used
to evaluate the structure of the nanocomposites and the data is provided in Figure 6.6. For
composites containing silica/FePt/polymer, a well-ordered hexagonal structure was
observed with domain spacing between 13.2 nm and 14.0 nm. When the polymer material
was removed from the composite, yielding only mesoporous silica and MNPs in the
composite, a well-ordered hexagonal structure was observed but the domain spacing was
reduced to between 10.9 nm and 11.6 nm. The difference between the domain spacings
between the uncalcined and calcined samples corresponds to the shrinkage in the lattice
parameters, by ~ 20 %, due to removal of the polymer template and organic material (e.g.
NP ligands) as well as further condensation of the silica matrix. Also, the increase in
scattering intensity in the composite without the polymer template, when compared to the
composite with the polymer template, is as expected due to the increase in electron density
differences between the two composites, i.e. upon removal of the minor block copolymer
domains to yield the mesopores.
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Figure 6.6. Low-angle X-ray diffraction (LAXRD) for mesoporous silica containing presynthesized FePt NPs. Weight percentage of FePt NPs is with respect to Pluronic® F127.
The terms of infused and calcined refer to the presence of organic materials (infused) and
to the presence of no organic material (calcined).
Transmission electron microscopy was used to confirm the presence of the NPs
within the mesoporous silica. The TEM images in Figure 6.7a shows the successful
incorporation of pre-synthesized NPs into mesoporous silica while maintaining the
presence of mesopores with diameters 5-6 nm for mesoporous silica samples containing 25
wt% of FePt NPs. The darkest areas of the electron micrographs correspond to the NPs,
while the lighter gray areas correspond to the silica and the white areas correspond to the
mesopores. Higher magnification TEM images, provided in Figure 6.7b-c, confirm the
presence of NPs and suggests that the NPs were predominately located within the mesopore
walls rather than in the mesopores themselves. This partitioning of NPs within the
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mesoporous silica walls is consistent with the initial partitioning of NPs within the
hydrophilic (PEO) segment of the Pluronic® block copolymer template, only now the
hydrophilic segment of the Pluronic® block copolymer template is infused with silica from
the hydrolysis and condensation of TEOS during scCO2 processing. There was no evidence
of coarsening or aggregation of the FePt NPs during calcination, indicating that the
particles were stable and remained well distributed during template removal and further
silica network condensation.

Figure 6.7. TEM images of mesoporous silica created from Pluronic® F127 containing 25
wt% pre-synthesized FePt NPs (a) low magnification image showing presence of
cylindrical mesopores (b and c) high magnification images displaying FePt NPs within
mesoporous silica.
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6.2.3 Conclusions
In this study, a facile method for the preparation of mesoporous silica/MNP
composites containing high concentrations of NPs within the silica walls was presented.
FePt NPs of 2-3 nm diameters and decorated with 4-hydroxybenzoic acid ligand selectively
hydrogen-bond to the hydrophilic segment of Pluronic® F127, enabling the generation of
templates with high concentration of NPs located selectively within the PEO domain. The
NPs were then encapsulated by the generation of silica by the phase selective condensation
of silica from TEOS precursor within the NP-filled PEO domain of the scCO2 swollen
composite template. Calcination removed both the template and the NP ligands to yield NP
doped mesoporous silica. X-ray scattering confirmed the presence of hexagonally ordered
mesopores in the silica/MNP composites. Electron microscopy confirmed that the NPs
reside primarily within the walls of the mesoporous silica allowing the mesopores to be
free of obstruction to the transport of materials. At a FePt NPs loading of 25 wt% with
respect to the F127 template, the FePt NPs were stable during preparation of the
mesoporous silica and remained well dispersed with less than 3 nm in diameter. This
procedure described here could be applied to any number of NPs, although ripening may
be observed during calcination for NPs with low melting points.
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CHAPTER 7
FINAL COMMENTS AND OUTLOOK
This dissertation presented research studies pertaining to the design, fabrication,
and characterization of hybrid functional materials by MNP-driven self-assembly of BCPs.
It has successfully addressed the two major problems in polymer/NP composite materials,
namely (1) the proper dispersion of NPs into the polymer matrix and (2) the control of NP
spatial distribution with respect to polymer domains.
While being comprehensive and systematic in the morphological studies, it would
be interesting to include more measurement of the device performance on the functional
materials. In the future, high-frequency permeability and permittivity measurements
should be carried out to correlate with the NP size, composition, and distribution in the
metamaterials. Some preliminary magnetic-optical experiments on these metamaterials
have shown very promising Verdet constant, granting the possibility of these materials
been used as optical isolators and sensitive magnetic field sensors. Catalysis of carbon
nanotubes can be attempted with the mesoporous silica/FePt NP nanochannels.
In addition, the project for the alignment of BCP/NP composite by external
magnetic field have shown some compelling initial results. However, due to the time
restraint, many interesting experiments have yet to be performed. First, NP loadings can
be correlated with the morphology of the composite films after field application. Second,
in-plane alignment of NPs to achieve well-defined lamellar morphology perpendicular to
the substrate is also compelling. Finally, it is worth studying the dynamics of the alignment
by using the in situ small-angle X-ray scattering technique.
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